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Abstract: The intrachain fluorescence quenching of the fluorophore 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO)
is measured in short peptide fragments, namely the two strands and the turn of the N-terminal -hairpin of
ubiquitin. The investigated peptides adopt a random-coil conformation in aqueous solution according to
CD and NMR experiments. The combination of quenchers with different quenching efficiencies, namely
tryptophan and tyrosine, allows the extrapolation of the rate constants for end-to-end collision rates as well
as the dissociation of the end-to-end encounter complex. The measured activation energies for fluorescence
guenching demonstrate that the end-to-end collision process in peptides is partially controlled by internal
friction within the backbone, while measurements in solvents of different viscosities (H.O, D,O, and 7.0 M
guanidinium chloride) suggest that solvent friction is an additional important factor in determining the collision
rate. The extrapolated end-to-end collision rates, which are only slightly larger than the experimental rates
for the DBO/Trp probe/quencher system, provide a measure of the conformational flexibility of the peptide
backbone. The chain flexibility is found to be strongly dependent on the type of secondary structure that
the peptides represent. The collision rates for peptides derived from the -strand motifs (ca. 1 x 107 s™%)
are ca. 4 times slower than that derived from the S-turn. The results provide further support for the hypothesis
that chain flexibility is an important factor in the preorganization of protein fragments during protein folding.
Mutations to the S-turn peptide show that subtle sequence changes strongly affect the flexibility of peptides
as well. The protonation and charge status of the peptides, however, are shown to have no significant
effect on the flexibility of the investigated peptides. The meaning and definition of end-to-end collision
rates in the context of protein folding are critically discussed.

Introduction formation of-hairpins,a-helices, and loops, and in particular
on the kinetics of the formation of these secondary structures
are necessary to validate the various proposed folding mecha-
nisms2® To better understand how the domains of a protein

"move, in which sequence a protein folds, and which secondary

structures emerge first, it is essential to investigate peptide
dynamics, to measure the kinetics of nonlocal intrachain
interactions, and to predict the flexibility of peptide se-
quence1%11For example, it may be anticipated that nucleation
may occur near the conformationally most flexible (or most

York University, 4700 “dynamic”) portions of a protein.

Protein folding is one of the “holy grails” of the physical
and life science%:® While several general folding mechanisms,
such as the framework model, the hydrophobic collapse model
and the nucleation-condensation model, have been propésed,
the long-standing controversy on whether protein folding is
kinetically or thermodynamically controlled has remairfed.
Studies of the elementary steps in protein folding, such as the
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Keele Street, Toronto, ON, M3J 1P3 Canada. Recent studies show that the time scale of the elementary
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Scheme 1.
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folding is the rate of intrachain collision, which imposes a rate questions which we are addressing in the present study is how

limit for the formation of a loop op-turn21924Recently, we

the flexibility of a peptide sequence depends on the secondary

have established a fluorescence-based method, with 2,3-structure, how mutations of single amino acids affect the chain
diazabicyclo[2.2.2]oct-2-ene (DBO) as a probe and Trp as flexibility, how charge effects affect the end-to-end collision
guencher, for measuring end-to-end collisions in biopolymers rates, and how the chain dynamics can be understood in terms
occurring on the submicrosecond time scale. The extremely longof an interplay between solvent and internal friction. As an

fluorescence lifetime of DBO, even in water under air, and its
efficient contact quenching by Trp form the basis for its
application to biopolymer dynamics. In addition, DBO is small,

hydrophilic, and very versatile during peptide synth@s#.

The intramolecular fluorescence quenching of DBO by Trp

experimental model, we have selected a native sequence, the
17-residueN-terminal -hairpin of ubiquitin, a small protein
with 76 amino acids with well-investigated structure, stability,
and folding behaviofé3! This hairpin, which is believed to
play a key role in the early events of ubiquitin foldiffg?®is

has already proven useful to assess the length dependence afomposed of twg-strands connected by/turn as shown in

intrachain collisiong325and to determine the effect of the amino
acid type on the flexibility of peptide¥. The fundamental

(13) Huang, G. S.; Oas, T. @roc. Natl. Acad. Sci. U.S.A.995 92, 6878~
6882.

(14) Hagen S. J.; Hofrichter, J.; Szabo, A.; Eaton, WPAac. Natl. Acad. Sci.
U.S.A.1996 93 11615-11617.

(15) Hagen, S. J.; Hofrichter, J.; Eaton, W. A. Phys. Chem. B997, 101,
2352-2365.

(16) Munoz, V.; Thompson, P. A.; Hofrichter, J.; Eaton, W. Mature 1997,
390, 196-199.

(17) Thompson, P. A.; Eaton, W. A.; Hofrichter, Biochemistry1997, 36,
9200-9210.

(18) Shastry, M. C. R.; Roder, HNat. Struct. Biol.1998 5, 385-392.

(19) Bieri, O.; Wirz, J.; Hellrung, B.; Schutkowski, M.; Drewello, M.; Kiefhaber,
T. Proc. Natl. Acad. Sci. U.S.A999 96, 9597-9601.

(20) Lednev, I. K.; Karnoup, A. S.; Sparrow, M. C.; Asher, SJAAmM. Chem.
Soc.1999 121, 4076-4077.

(21) Lapidus, L. J.; Eaton, W. A.; Hofrichter, Broc. Natl. Acad. Sci. U.S.A.
200Q 97, 7220-7225.

(22) Jas, G. S.; Eaton, W. A.; Hofrichter,d.Phys. Chem. B001, 105 261—
272.

(23) Hudgins, R. R.; Huang, F.; Gramlich, G.; Nau, W. M. Am. Chem. Soc.
2002 124, 556-564.
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(25) Yeh, I.-C.; Hummer, GJ. Am. Chem. So2002 124, 6563-6568.
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Scheme £° To compare the sequence dependence of end-to-
end collision rates and thereby assess the flexibility, we
synthesized DBO/Trp or DBO/Tyr end-labeled peptides (Scheme
1b,c) derived from the “upper strand” #BVK6), the “lower
strand” (P4 TLE?9), and the “turn” (TLTGK1) of the ubiquitin
hairpin. These sequences are of interest because although they
show random-coil behavior in solution, they represent structur-
ally well-defined and distinct parts of the protein in the native,
intact state.

(26 Vljaykumar S.; Bugg, C. E.; Cook, W. J. Mol. Biol. 1987, 194, 531—
27 Weber P. L.; Brown, S. C.; Mueller, [Biochemistry1987, 26, 7282~

)
)
7290.
(28) Cox, J. P. L.; Evans, P. A;; Packman, L. C.; Williams, D. H.; Woolfson,
D. N. J. Mol. BIO| 1993 234 483—-492.
(29) Zerella, R.; Evans, P. A,; lonides, J. M.; Packman, L. C.; Trotter, B. W.;
Mackay J. P W|I||ams D HProteln SC| 1999 8, 1320—1331
(30) Bolton, D; Evans P. A.; Stott, K.; Broadhurst, R. W.Mol. Biol. 2001,
314, 773—787
) Kitahara, R.; Akasaka, Kroc. Natl. Acad. Sci. U.S.R003 100, 3167
3172.

(31



Structure Dependence of Peptide Flexibility ARTICLES

The individual sequences should possess a different intrinsic Table 1. *H NMR Chemical Shifts of the Labeled Turn Fragment
flexibility and propensity for folding, which is reflected in the {J%?(;?J}E#TGKY) in Comparison to Those in Denatured and Folded
rate by which the two ends of the peptide collide. These intrinsic
dynamic parameters of primary peptide sequences can be
investigated in short sequences without the complications labeled  denatured  folded labeled  denatured folded
imposed by Secondary structures, i.e., in the absence of any. position  peptide?  ubiquitin®  ubiquitin®  peptide?  ubiquitin® ubiquitin®
preferred, thermodynamically stable conformation. Since fast- [T-71° 866 834 8.69 437 441  5.00
folding turns are implicated as the initiators of the folding of g g'_gg gigé g:gé j‘é‘é j’_g‘; j’_?&
p-hairpins, measuring the end-to-end collision rates of the turn G-10 8.34 8.32 7.78 3.94 3.94  3.62/436
and strand fragments of thhairpin may help to clarify the [K-11]¢  8.17 8.10 7.25 4.18 409 437
B-hairpin folding kinetics and mechanisi3233These rates can a This work in D,0 with 10% HO. b At 8 M urea and pH 2, taken from
be directly related to the intramolecular fluorescence quenching ref 36.c At 50 °C in 25 mM acetic acid at pH 4.7, taken from ref 27.
of DBO by either Trp or Tyr in the labeled sequences. The 9Amino acid has a different direct neighbor in the labeled peptide and in
combination of these two quenchers with different quenching uPiquitin. © Separate peaks for glycireprotons.
efficiencies allows the extrapolation of the microscopic rate
constants for formation and dissociation of the end-to-end
encounter complex, which itself presents a new methodology
and extension of our fluorescence technigtie.

O(NH)/ppm O(aH)/ppm

defined secondary structures. The chemical shifts obtained for
all labeled peptides were compared with those reported for
folded?” as well as denaturé® ubiquitin; see Table 1 for

example. The chemical shifts of those residues which possess

Experimental Section identical neighboring residues in the synthetic peptide fragments
Materials. The synthesis of the Fmoc-protected and DBO-labeled as in ubiquitin were not S'gn'f'ca”t'Y dn_‘f_ere_mto._02 ppm) from )
asparagine derivative has been described previétBlglypeptides (all those measured for denatured ubiquitin, i.e., in agreement with

amidated at the C-terminus) were made by Affina Immuntechnik & random-coil conformation. Slight variances in chemical shift
(Berlin, Germany) in>95% purity (determined by MALDI-MS and ~ were expectedly observed for the residdegctly adjacento
HPLC). Water was bidistilled. BD (> 99.9% D) was from Glaser AG,  the probe or quencher, which experience an environment
Basel. Other commercial analytical-grade materials were from Fluka different from that in the denatured protein (upper and lower
or Aldrich. entry in Table 134

NMR and CD Measurements.NMR experimer‘lts were Cal’l’ied out CD measurements were also performed for a" peptldes at
on a Bruker DRX 500 spectrometer in® (with 10% HO) at 1 mM different pH values’ All CD spectra show the characteristic
pept_lde concentration. Circular dlchr0|sm (CD) gxpe_nments of the lpattern for a random cot® It is the combination of NMR
peptides were performed on a Jasco 720 circular dichroism spectromete . . .

and CD experiments, which allows us to exclude the existence

at ambient temperature at peptide concentrations ef1D0 M. f sizabl f d i the | . q
Fluorescence Lifetime MeasurementsFluorescence lifetimes were 01 S1Zablé amounts of secondary structure in the investigate

measured on a laser flash photolysis setup (LP900, Edinburgh Instru-P€ptides. All interpretations are therefore based on the assign-
ments, Edinburgh, Scotland) with 7 mJ, 355-nm pulses of 4-ns width ment of random-coil behavior to the labeled peptide fragments.
from a Nd:YAG laser (Minilite Il, Continuum, Santa Clara, CA), and Kinetics of End-to-End Collision in the Turn and Strand
with a time-correlated single-photon counting fluorimeter (FLS920, Peptides.The fluorescence-based method for measuring the end-
Edinburgh Instruments) using a 1.5-ns pulse-widthfldsh lamp at to-end collision rate constants in peptides has been discussed
365 nm. A solid-state diffuser was employed to obtain the instrument in detail23 The intramolecular quenching rate constant in a
response function (IRF), whi_ch was used in the reconvolution procedUreoprobe/quencher-labeled peptide is first obtained according to
tnomobtaln the fluorescence lifetimes. Fluorescence was detected at 43 g 1 from the experimental fluorescence lifetimes of the probe-
Peptides were measured in® and DO at ambient temperature labeled peptldgs withrf and Wlth.OUt fo) an at.tached qugncher. .
The quenching rate constant is a composite of the microscopic

unless stated differently. Typical concentrations of polypeptides were . .
10 uM for flash photolysis and 10@M for single-photon counting rate constants in Scheme 2 and can be expressed by eq 2, which

experiments. The temperature-dependent experiments were carried ou€MPIOys the common steady-state approximation for the forma-
from 20 to 50°C. The pH-dependent measurements were performed tion of the end-to-end encounter compléx.is the end-to-end
in phosphate buffer for pH 7, citrate/HCI/NaOH buffer for pH 2, and  collision rate constant to form the probe/quencher encounter
Na,HPO/NaOH buffer for pH 12. The concentration of guanidinium complex and- andky are the rate constants for its dissociation
chloride was adjusted by measuring the refractive index. and deactivation, respectively. For a diffusion-controlled reaction
ka > k- applies and the simplified eq 3 results, i.e., for a
diffusion-controlled probe/quencher pair the end-to-end collision
NMR and CD Experiments. NMR and CD spectroscopy  rate constant equals directly the experimental quenching rate
were carried out to corroborate that the investigated peptides

adopt the random-coil conformation expected for such short (35) ;N'ffggB D. S.; Sykes, B. D.; Richards, F. M. Mol. Biol. 1991, 222,
sequences$!3* Assignments were based on a combination of (36) Peti, W.; Smith, L. J.; Redfield, C.; Schwalbe, H.Biomol. NMR2001,

Results

1D-NMR, 2D-COSY, and 2D-TOCSY spectra. The chemical 19, 153-165. . .

. . . (37) The application of CD as an alternative technique to NMR was warranted
shifts are very sensitive to the secondary structtinehich since Maynard et al. have suggested that the relevant chemical shifts only
allows one to differentiate the random-coil structures from occur when the fulj3-hairpin of ubiquitin is present, while thg-strand

alone may give almost random-coil-like values for thechemical shifts;
cf. Maynard, A. J.; Sharman, G. J.; Searle, MJSAm. Chem. S04 998

(32) Klimov, D. K.; Thirumalai, D.Proc. Natl. Acad. Sci. U.S.200Q 97, 120, 1996-2007. The authors further suggested that g coupling
2544-2549, constants may be a better indicator for secondary structure, which were
(33) Wang, H.; Sung, S.-S. Am. Chem. So200Q 122 1999-2009. not determined in the present work.
(34) Schwarzinger, S.; Kroon, G. J. A,; Foss, T. R.; Chung, J.; Wright, P. E.; (38) Woody, R. W.Adv. Biophys. Chem1992 2, 37—79.
Dyson, H. JJ. Am. Chem. So001, 123 2970-2978. (39) Greenfield, N. JAnal. Biochem1996 235 1—-10.
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Table 2. Fluorescence Lifetimes, Quenching Rate Constants, and Solvent Deuterium Isotope Effects for the Intramolecular and
Intermolecular Quenching of DBO-Labeled Peptides and DBO by Tryptophan and Tyrosine

in H,0 in D,O
fragment sequence ins kqg?I(10° s7%) 7/ns k(108 s7%) ky(H20)/ky(D-0)
upper strand WQIFVK-DBO 90 8.2 110 7.1 1.2
YQIFVK-DBO 172 3.0 266 1.8 1.7
lower strand WTITLE-DBO 63 13.0 74 12.0 11
YTITLE-DBO 110 6.1 175 3.9 1.6
[YELTIT-DBO]® 126 5.0 215 2.8 1.8
turn WTLTGK-DBO 27 34.0 33 28.0 1.2
YTLTGK-DBO 74 10.2 130 5.6 1.8
[DBO-TLTGKY]¢ 76 9.9 135 5.3 2.0
intermolecular WH QIFVK-DBO 1600 Mt 1400 M1 1.1
Y + QIFVK-DBO 230 M1 130 Mt 1.8
W + DBO 2100 Mt 2000 M1 11
Y + DBO (pH 7) 560 M1 360 M1 1.6
Y + DBO (pH 12) 2100 Mt 1800 Mt 1.2

aUnless stated differently, lifetimes of corresponding peptides without quencher were takgimake calculation of intramolecular quenching rate
constants according to eq 1; estimated errors in lifetimes and quenching rate constants are 5% (10% for intermoleculdrvadues).lower strand,;
lifetime of TITLE-DBO taken asy. ¢ Probe/quencher-exchanged turn; lifetime of TLTGK-DBO takencas

Scheme 2. Kinetic Scheme for Intramolecular Fluorescence shorter fluorescence lifetimes and accordingly higher quenching
Quenching rate constants, around-3-fold higher. In contrast, measure-
ments in more viscodsguanidinium chloride solutions (Table

3) lead to a decrease in rate constants by a factor-3.2

T However, regardless of the variation in the absolute rate
constants, the order of the quenching efficiency remains the
same for both quenchers, i.8-turn > lower strand> upper

hy N ko lkﬂ strand. Shown in Figure 1 are representative fluorescence decay
traces.
The intramolecular fluorescence quenching is induced by a
@ collision between probe and quencher, which occurs with a
k, different frequency depending on the flexibility of the peptide
= backbone. The quenching rate constants can therefore be

interpreted in terms of the peptide flexibili#j?4i.e., the turn
sequence of ubiquitin is more flexible than the two strand

constant. For a nondiffusion-controlled system, interpretations S€quences. o o
must be based on eq 2. In the present work, Trp was employed Activation Energy of End-to-End Collision. The activation

as an essentially diffusion-controlled quencher of DBO and Tyr, €nergies for intramolecular end-to-end collision 'in- probe/
as a nondiffusion-controlled quencher. guencher-labeled peptides were obtained by plotting the tem-

perature dependence of the quenching rate constants. For this

_1 1 1 purpose, the fluorescence lifetimes were measured for each
kq T 7, @ peptide with and without quencher at different temperatures,
and the quenching rate constants were then individually

qu Kikg @) determined for each temperature according to eq 1. In the
Ko+ ky absence of quenchers, the fluorescence lifetime of DBO shows

a very weak temperature dependeffc@he variation in the
fluorescence lifetime of the DBO-labeled peptides without
o guencher was therefore much weaker than that of the peptides

" with quencher attached, which indicated a sizable activation
barrier for the quenching process. All Arrhenius plots were
linear; see Figure 2 for example.

Notably, the experimental activation energies for intra-
molecular quenching in aqueous solution 26 kJ mof?,
Table 3) are similar to or larger than the apparent activation
energy of solvent viscous flow in the same temperature range

kg~ Kk for kg > k_ (3)

The three peptide fragments without quencher, TLTGK-DB
QIFVK-DBO, and TITLE-DBO, displayed fluorescence life-
times of 480, 510, and 540 ns in,0, respectively. These
fluorescence lifetimes are similar to that of parent DBO (505
ns), indicating that a peptide composed of inert amino acids
does not significantly quench DB8.The attachment of Trp
or Tyr as quencher reduced the lifetimes substantially. From
the quenching effects the intramolecular quenching rate con-
stants were obtained according to eq 1 (Table 2). When Tyr is (40) For consistency, all peptides were labeled with DBO at the C-terminus. A

i i Bther control experiment with the turn-derived peptide DBO-TLTGKY, where
used as quenCh?r’ the peptlde correspondlng to . n the terminal positions of probe and quencher are exchanged but where the
(YTLTGK-DBO) gives the fastest fluorescence quenching rate, peptide backbone remains the same, yielded the same quenching rate
the one corresponding to the upper strand (YQIFVK-DBO) constant within error as the YTLTGK-DBO peptide (Table 2), which

. . R . supports the idea that the measured quenching rates reflect an intrinsic
displays approximatgla 4 times slower quenching rate, and dynamic property of the peptide backbone, namely its flexibility.

; _ ; ; (41) Kawahara, K.; Tanford, Q1. Biol. Chem1966 241, 3228-3232.
the rate for the lower strand peptide (YTITLE-DBO) lies in ;56 (2 W'\ - Greiner, G+ Rau, H.: Wall, J.. Olivucci. M.. Seaiano, JJC.

betweenrf® Substitution of Tyr by Trp (Table 2) results in much Phys. Chem. A.999 103 1579-1584.
16668 J. AM. CHEM. SOC. ® VOL. 126, NO. 50, 2004
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Table 3. End-to-End Collision Rates and Activation Energies of DBO/Trp-Labeled Peptides in Different Solvents?@

fragment sequence solvent? kql(106s7%) In(A/s~1) E./(kJ mol~%)
upper strand WQIFVK-DBO 0] 8.2 25.5 23
D,O 7.1 25.5 25
4.4 M Gdn.HCI 6.7
7.0 M Gdn.HCI 3.8 26.8 29
lower stand WTITLE-DBO HO 13.0 25.0 21
D,O 12.0 24.5 20
4.4 M Gdn.HCI 9.5
7.0 M Gdn.HCI 4.6 27.4 28
turn WTLTGK-DBO HO 34.0 24.0 17
D>0O 28.0 24.0 17
4.4 M Gdn.HCI 22.0
7.0 M Gdn.HCI 12.2 25.8 23

aTo obtain the intramolecular quenching rate constant at different temperatures32®§&), the lifetime of the corresponding peptide without quencher
was measured at the same temperature and takep Beror inkq is 5% and inE, &= 1 kJ mol L.  The viscosities of the solvents at 26 are 0.89 cP in
H»0, 1.10 cP in RO, 1.18 cP in 4.4 M Gdn.HCI, and 1.71 cP in 7.0 M Gdn.HCI.

counts tially more viscous solvent causes a pronounced increase in the

10000L log(counts}4r- o activation energies for intramolcular quenching (Table 3).
) . The order of the activation energies follows the order of the
e end-to-end collision rates, i.e., the most flexipleurn peptide

(TLTGK) displays the lowest activation energy, and the upper,
most rigid3-strand peptide shows the highest activation barrier.
Accordingly, end-to-end collision is energetically facilitated in
the 5-turn peptide compared to thestrand peptides. The fact
that some activation barriers exceed the value expected for
viscous flow in water immediately indicates that the end-to-
rowre 1 Fl d 4 by Snale-oho ’ fend collision process is slowed not only by “solvent friction”
gure 1. uorescence decays (measure single-pnhoton counting) O “i iction” i

utﬁquitin-derived peptides (10}/3M(in D,0). Th)é tragespderive from thg) but also by an “internal friction” (to employ the terminology

upper strand (WQIFVK-DBO, upper trace), lower strand (WTITLE-DBO, O_f polymer _mOdeIS)- In other WOI’C!S, some residues impose
middle trace), and the turn (WTLTGK-DBO, lower trace). Shown in the Sizable barriers for those conformational rearrangements of the

50001

-
el 1
0

1
200 400t/ ns

[4] =3

0 100 200 t/ns

inset is the decay for WQIFVK-DBO on a semilogarithmic scale. peptide backbone, which are required to bring the chain ends
into contact.
In(ky/s™") ' ' : Importantly, the values of the activation energies in the

17.51 tun (WTLTGK-DBO) _ different peptides are the same, within error, for both Trp (Table

\ 3) and Tyr (data not shown) as quencher. This result is consistent
17.01 ] with the notion that the experimental activation energies for
the intramolecular reaction are dominated by the backbone
properties, i.e, an interplay of internal friction (flexibility of the
peptide backbone) and solvent friction (viscosity-dependent
) , ) ) . diffusional motion). The lower intramolecular quenching ef-

3.10 3.20 3.30 1000/ T (K1) ficiency of Tyr (Table 2) is therefore mainly manifested in a
Figure 2. Representative Arrhenius plots for the intramolecular fluorescence reduced preexponentidl factor, as expected from the very
quenching in DBO-labeled peptides by Trp. different transition states for quenching (see below).
The trend of the preexponentidl factors with the type of

(298328 K), which amounts to 15.5 kJ mdlfor H,0 and peptide frggment (Table 3) is less intuitively understood.
16.6 kJ mot for D,0.43 Activation energies in the same range However it can at least be demonstrated that éheer of
have been reported for intrachain collision in a larger unfolded Magnitudeis reasonable for an intramolecular reaction by
protein For comparison, the activation energies for the comparison with the theoretical relationship for an ideal
bimolecular quenching of a DBO-labeled peptide (QIFVK- (Gaussian) chain and an ideal intermolecular collision in eq 4,
DBO) by the free quenchers, Trp and Tyr, fell in the range 15 which assumes the same activation barrier for both procésses.
+ 3 kJ moltin deaerated kO and BO; these intermolecular ,
values have a larger error due to the small amount of quenching A ~ 3 |2
even at the solubility limit of Tyr and Trp. Note also that the Anter | o NN
difference in the activation energy of viscous flow betwee®D

and HO (ca. 1 kJ mot?) is too small to result in experimentally N represents the number of chain segmeNsthe Avogadro

significant effects on the activation barriers. In contrast, the  hor and the length of one segment. For a heptapeptide
selection of 7.0 M guanidinium chloride solution as a substan- (N=7) ,with é length of 3.8 A for each peptide boHdainta

upper strand (WQIFVK-DBO)

16.5

16.0F

(ideal behavior) 4)

(43) Cho, C. H.; Urquidi. J.: Singh, S.. Robinson. G. WPhys. Chem. 8999 the preexponential factor of an intramolecular reaction, should

103 1991-1994.
(44) Hagen, S. J.; Carswell, C. W.; Sjolander, E. MMol. Biol. 2001, 305, (45) Nau, W. M.; Huang, F.; Wang, X.; Bakirci, H.; Gramlich, G.; Marquez,
1161-1171. C. Chimia2003 57, 161-167.
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Table 4. Intrinsic Fluorescence Lifetimes? of the DBO-Labeled viscosity-related solvent isotope effect on a close to diffusion-

Reference Peptides and DBO in the Absence of Tryptophan and ; ; ; ;
Tyrosine as Quenchers at Different pH in HyO controlled reaction, akin to the minor solvent isotope effect
observed for Trp (Table 2).

Due to the variation of the quenching rate constants, the

7ins

fragment sequence pH2 pHY pH 12 tyrosine peptides studied at pH 12 should be treated separately.
upper strand QIFVK-DBO 355 355 240 Note, however, that Tyr at pH 12 has (incidentally) the same
{‘mer strand TTL'I'(-;EK'_%%% 33;5,5’0 3%450 2%%0 quenching rate constant as Trp. Since the intramolecular
intermolecular DBO 315 320 315 quenching of DBO by Trp is presumed to be essentially
diffusion-controlled, the same should apply for tyrosine at pH
Error in lifetimes is+10 ns. 12. In fact, the rate constants for all Tyr-labeled peptides at pH

) 12 are equal, within error, to the corresponding Trp-labeled
then amount to approximately 50% of the value for the gsequences (Table 5).

corresponding intermolecular reactioA™®. One therefore Mutation Effects. Numerous studies in the area of protein

gxpects the preexponential factprs for the intramolecular reac-engineering have demonstrated that specific amino acids can
tions to fall below those for the intermolecular processes\(In  naye a substantial effect on the folding, structure, stability, and
~ 26 for quenching of QIFVK-DBO by Trp or Tyr). The  fynction of proteing®-5! We have therefore investigated muta-
experimental results in T_able 3 are in agreement with this not_lon, tion effects of asingleamino acid on the flexibility of th@-turn
although the decrease is quite pronounced for some peptidesyaptide derived from ubiquitin (Table 6). The different mutants
which points to strong deviations from ideal-chain behavior. o\ very different quenching rate constants, which confirms

Charge Effects. The effects of charge on the end-to-end  the importance of individual amino acids in determining peptide
collision process in the peptides derived from ubiquitin were cpain flexibility.

also investigated through pH control as well as positional
mutation in the peptides. Shown in Table 4 is the pH dependenceDiscussion
of the lifetimes for free DBO and the peptides without quencher.
The lifetime of DBO remains constant from pH-22. Peptides

without quencher also have the same lifetime within error at

p: izand pH .7’”bl;t the:::il/l:(ogesgencz "_lteLt_il_rgT‘(S gg((:)rez_arshgd a structure and secondary structure propensity of the peptides.
P , especially for Q ) an | - IS The intrachain dynamics was studied by measuring the intra-

decrease is related to the deprotonation of the photochemicalIymolecular fluorescence quenching rate constants between DBO,

inert aminium groups at the N-terminus and in particular in- 5y0 oy aq fluorophore to the C-terminus, and either Trp or
lysine LO pro?tgg(r)eﬁctlve amino grr:)ups,hamln.ef arfe wellhlénown Tyr, attached as quenchers to the N-terminus (Scheme 1b,c).
quenchers o vorescence (t, rough exciplex forma n), Due to the nearly diffusion-controlled quenching of excited DBO
which accounts for the decrease in fluorescence lifetime, mostby Trp, the corresponding quenching rate constants have been

Eronounced_ n peﬁtlc_ies con:alnllng Iysme,hz_;lt very alkaline pl:. proposed to be approximately equal to the end-to-end collision
or comparison, the intermolecular quenching rate constant for oo constant&25Tyr presents also a good, albeit nondiffusion-

DBO by lysine increases from1 x 10° Mt s™* at acidic and controlled quencher among the 20 amino aéfd3yr was
3 \/ 11 i E

nheutrﬁl PH toh1.45>< 10 r':/l lS) atth 12, (this \f\(’iort)' Note q selected as a complementary quencher to investigate the
t at_t e'”“_‘a_c ain quenching ! y other amino acids but ‘I_'yr an guantitative effect of nondiffusion-controllemhtermolecular
Trp is explicitly corrected for in eq 1 by the proper choice of quenching on thentramolecularquenching ratéd to extrapolate
To- ) to the fully diffusion-controlled end-to-end collision ratés)|

The charge effects on the quenching rate constants for theyp ¢ estimate the dissociation rates of the end-to-end encounter
peptides with quencher are contained in Table 5. Strikingly, complex k_ in Scheme 2).
quenching for all Tyr peptides increases significantly at high Primary and Secondary Structure Dependence of Peptide
pH. Th'.s Increase, however, is not indicative fqr an effect on Flexibility. The quenching rate constants for the three peptide
Fhe chalr_] dynamics but due to the d(_eprotonatlon of tyrosine fragments derived from the ubiquiti-hairpin have been
itself, which produces the phenoxyl anion, a stronger quencherOletermined for both the DBO/Trp and the DBO/Tyr probe/

of DBP? fluorescence. ch)te thag whilg thiﬂélitermc:jlecula]{ quencher pair. All investigated peptides adopt a random-coll
quenching rate constant of DBO by Trp is independent of pH, conformation as established by NMR and CD, which allows

thatblbszyrr:ncreases by abfactoI: of 4 petweenth ’ anhd 1,2 one to relate the efficiency of intramolecular quenching to the
E)Ta € ) T fere e;]p%ears to I§ ac a%ge |nhquerr]1c |n|g1cmec alr"Snélynamics of the intrachain motion rather than to a structural
y tyrosine from hydrogen abstractiorior the phenol form at preference or spatial proximity between probe and quencher.

pH 7 to exciplex formation for the phenolate ion at pH 12. This Both sets of data (for Trp and Tyr as quencher) reveal the same

is reflected in the decrease in S(.)Ivent. isotope effect from 1'6, at order of guenching rates and therefore flexibility of the peptide
pH 710 1.2 at pH' 12 (Tablg 2); the isotope effect 'at pH 7 is sequence: turrr lower strand> upper strand. For example,
related to a partially reaction-controlled abstraction of the

We have investigated the end-to-end collision rates of equally
long peptides derived from the N-termirfzhairpin of ubiquitin,
which report on the flexibility in dependence on the primary

_50|Vent‘eXChangeab|e phenolic hydrogen atom,_Wh”e the minor 4g) vendruscolo, M.; Pacl, E.; Dobson, C. M.; Karplus, Nature2001, 409,
isotope effect at pH 12 can be accounted for in terms of the 641-645. o )
(49) Brannigan, J. A.; Wilkinson, A. Nat. Re. Mol. Cell Biol. 2002 3, 964~
970.
(46) Pischel, U.; Zhang, X.; Hellrung, B.; Haselbach, E.; Muller, P.-A.; Nau, (50) Goldenberg, D. PAnnu. Re. Biophys. Biophys. Cheni988 17, 481—
W. M. J. Am. Chem. So@00Q 122 2027-2034. 507.
(47) Mathews, C. K.; van Holde, K. E.; Ahern, K. Biochemistry 3rd ed.; (51) Waldburger, C. D.; Jonsson, T.; Sauer, RPToc. Natl. Acad. Sci. U.S.A.
Benjamin/Cummings: San Francisco, 2000. 1996 93, 2629-2634.
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Table 5. Charge Effects on the Rate Constants for the Intramolecular and Intermolecular Fluorescence Quenching of DBO-Labeled
Peptides and DBO in Dependence on pH in H,O

kJ(10°s™*

charge status °

fragment sequence pH2 pH7 pH 12
upper strand WQIFVK-DBO 7.2 8.2 7.1
+ + + +
WQIFVK-DBO  WQIFVK-DBO  WQIFVK-DBO
YQIFVK-DBO 2.8 3.0 6.7
+ + + + _
YQIFVK-DBO YQIFVK-DBO YQIFVK-DBO
lower strand WTITLE-DBO 11.0 13.0 15.0
+ + - —
WTITLE-DBO WTITLE-DBO WTITLE-DBO
YTITLE-DBO 5.8 6.1 16.0
+ + - - -
YTITLE-DBO YTITLE-DBO YTITLE-DBO
[YTITLK-DBOJ* 4.5 44 13.0
+ + + + -
YTITLK-DBO YTITLK-DBO YTITLK-DBO
[YELTIT-DBO]* 4.6 5.0 16.0
+ +— ——
YELTIT-DBO YELTIT-DBO YELTIT-DBO
turn WTLTGK-DBO 30.0 34.0 35.0
+ + + +
WTLTGK-DBO  WTLTGK-DBO  WTLTGK-DBO
YTLTGK-DBO 9.8 10.2 31.0
+ + + + _
YTLTGK-DBO YTLTGK-DBO YTLTGK-DBO
[DBO-TLTGKY] 10.0 9.9 34.0
+ + + + —
DBO-TLTGKY DBO-TLTGKY DBO-TLTGKY
intermolecular W + DBO 1800 M 2000 M 2300 M
+ _
DBO + W DBO + W DBO + W
Y + DBO 600 M 560 M 2100 M
+ —_——
DBO +Y DBO + Y DBO + Y
K+ DBO <1M! <1M' 143M"
++ + -
DBO + K DBO + K DBO + K

aReference values{) were individually determined for corresponding peptide without quencher; estimated errorlisCférge status based on th€,p
values reported in ref 47. Positive charges for N-terminal amino acids refer to protonated amino groups; note that the C-terminus is amidatdticall sy
peptides and remains unchargé#lutated lower strand; lifetime of TLTGK-DBO taken ag 9 Inverted lower strand; lifetime of TITLE-DBO taken as
€ Probe/quencher-exchanged turn; lifetime of TLTGK-DBO takencas

the quenching rate constant for the turn peptide (TLTGK) is may play an important role in the early events of ubiquitin
2—4 times faster than that of the peptides corresponding to thefolding. In terms of protein folding, one may argue that there
upper and lower strand (QIFVK and ELTIT). The spectroscopic is a clear kinetic bias towarh-terminal 3-hairpin folding, in
measurements suggest that héurn region of ubiquitin is addition to a thermodynamic driving force. Obviously, a flexible
“more flexible” than theS-strand regions. This notion is also region in a protein is more likely to serve as a nucleus for the
supported by the activation energy for end-to-end collision, formation of the secondary structure.

which is significantly (up to 8 kJ mot) lower for the-turn Variations in the distance distribution are known to cause
than for both3-strands (Table 3). Indeed, the TLTGK turn has significant effects on end-to-end collision rates, e.g., when the
been suggested to be highly flexible even in the structure of backbone is elongated by two or more amino aétdd:23The
native ubiquitin?® The fact that TLTGK is more flexible and  investigated peptide fragments have therefore been selected to
can form a turn much faster than the other examined peptidesbe equally long in order to ensure comparable distance distribu-
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Table 6. Mutation Effects on the Rate Constants for
Intramolecular Fluorescence Quenching of the DBO-Labeled Turn
Peptide by Tyrosine as N-Terminal Quencher

in H,0 in D,O
mutation sequence 7ins kg?(10° s7%) 7ins ky?I(10° s7%)
none YTLTGK-DBO 74 10.2 130 5.6
G—A YTLT AK-DBO 108 6.1 164 4.1
G—F YTLTFK-DBO 110 6.0 168 4.0
G—T YTLTTK-DBO 112 5.8 185 3.4
G—V YTLT VK-DBO 138 4.1 220 2.5
T—G YTLGGK-DBO 68 11.6 120 6.3

a 1o was taken as 325 ns in,® and 500 ns in BOD; estimated errors in
lifetimes and quenching rate constants are 5%.

tions. FRET experimeritsfurther indicate that the average end-

essentially predefine the formation ofgahairpin. Thej-hy-
droxyl-branched Thr appears more flexible than fhalkyl-
branched amino acids Val and AgIn contrast to Val and lle,
Thr has also a high propensity to occurfrturns, in addition
to 3-sheet$3-56 The higher flexibility of Thr is reflected in the
larger quenching rate constant of the~G mutant compared
to the G~V mutant (Table 6).

The mutation of an additional amino acid adjacent to the
presumably most flexible Gly linkage, namely of*T5 to give
TLGGK, causes an additional increase in chain flexibility (Table
6), which is in line with expectations based on the individual
flexibility of the amino acidg* However, it appears unlikely
that effects related to chain flexibility are simply additive or
predictable in an incremental fashion. Rather, specific amino

to-end distances are similar in the three peptide fragments (10.4acids and specific positions as well as the particular sequence

+ 0.6 A), characteristic for random-coil pentapeptide backbones.

The strong variation in the end-to-end collision rates of the

are all expected to affect the internal friction in a peptide, and
they may be vital to produce a flexible peptide, which requires

peptides is therefore presumed to have its underlying reasonsmore detailed follow-up work? For example, we have designed

not in differential distance distributions but in the chain
dynamics, i.e., the flexibility of the backbone as imposed by

an inverse sequence of the lower strand peptide in which the
amino acid composition is the same but in which the sequence

the specific amino acid sequence. As shown in a preliminary is inverted from TITLE (original) to ELTIT (inverted). The

communication, individual amino acids affect the flexibility of
peptides to a different extent with the flexibility order being as
follows:?* Gly > Ser> Asp, Asn, Ala> Thr, Leu> Phe, Glu,
GIn > His, Arg > Lys > Val > lle > Pro. This scale was

established for peptide backbones composed of six identical

amino acids, such that a direct comparison with the mixed
ubiquitin sequences is difficult. However, it is reasonable to
assume that the high flexibility of the TLTGK turn region is

mainly due to the presence of the most flexible Gly unit, while
the high rigidity of the TITLE and, more pronounced, the

QIFVK strand is mainly imposed by the presence of one or
two very rigid S-branched isoleucine and valine segments,
respectively. To verify this intuition, the effect of mutations on

the 3-turn region was investigated.

In a first set of experiments, Gly in the TLTGB-turn was

results (Table 2) revealed a significant sequence effect (ea. 20
30%) on the fluorescence quenching rate constant, which
demonstrates the limitations of predicting chain flexibility in
an incremental fashion.

The experimental data for the twg-strands suggest a
somewhat higher flexibility of the lower strand (Table 2), which
is presumably related to the presence of an additigrelkyl
branched amino acid in the upper strand. However, in the actual
S-hairpin of ubiquitin both strands could display a comparable
rigidity. Note that the present studies were limited to pentameric
B-strand sections of thg-hairpin (FIFVK® and T TLES) in
order to allow a direct comparison to the intervening pentameric
B-turn fragment (TLTGK™). The inclusion of the additional
residues of thg-strands, i.e., the comparison of the hexamers
MIQIFVK® and TATLEVY (see Scheme 1), should give rise

mutated to Ala, Phe, Thr, and Val to demonstrate its importance to similarly rigid strand fragments, since a stiffenjsiigpranched

in determining the flexibility of this fragment. Indeed, the
guenching rate constants (studied for the DBO/Tyr probe

Val residue is added to the lower strand.
We also questioned to which degree a variation in the charge

quencher pair, Table 6) decreased significantly in the order Gly status of the different peptide fragments could be responsible

> Ala, Phe, Thr> Val, suggesting an increase in rigidity. This
increase is in line with expectations from the flexibility scale

for the observed variations in end-to-end collision rates. Much
effort has therefore been devoted to the design of pH-dependent

(see above) yet somewhat less pronounced than that in theexperiments (Table 5) to scrutinize the existence of charge

preliminary study?* since only a single amino acid was

effects on the end-to-end collision rates. In addition, we used a

exchanged. Note again that variations in hydrophobicity of the peptide sequence with a Gt Lys mutation to invert the charge

residues have no systematic effect on the flexibility of the

status within the same sequence through the exchange of an

peptide mutants, in agreement with our previous study on acidic for a basic site (YTITLE-DBO and YTITLK-DBO in

peptide homopolymer¥.

Table 5). However, the combined experiments did not yield a

The rate constants for the Ala, Phe, and Thr mutants resemblesystematic dependence on the charge status.

those observed for the lower strand, while the rate constant for

We conclude from Table 5 that any effects related to the

the Val mutant even approaches the rate measured for the upperepulsion or attraction of two charges are too minute to result
strand (Table 2 and Table 6). This result demonstrates that thein experimentally significant effects on the end-to-end collision

Gly in the turn sequence is indispensable for the high flexibility,

rates €10%). In fact, in our preliminary communication only

while the s alkyl-branched residues substantially increase the a small charge effect on the end-to-end collision rates (ca. 10%)

rigidity in the strands. The latter have, in fact, also a high
propensity to occur ifi-strands, while Gly is a prominent amino
acid in-turn region®3-56 The 8 alkyl-branched residues may

predispose these sequences to be relatively extended and rigid;

which does, along with the high flexibility of th&turn region,

(52) Sahoo, H.; Huang, F.; Meyer, R.; Nau, W. M. Unpublished results.
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became observable even with six charged residtéhe
important conclusion in regard to end-to-end collision rate
constants for the three ubiquitin-derived peptide fragments is

(53) Levitt, M. Biochemistryl978 17, 4277-4285.

(54) Hutchinson, E. G.; Thornton, J. NProtein Sci.1994 3, 2207-2216.
(55) Mutoz, V.; Serrano, LProteins1994 20, 301—311.

(56) Koehl, P.; Levitt, MProc. Natl. Acad. Sci. U.S.A999 96, 12524-12529.
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Table 7. Extrapolated Microscopic Rate Constants? for the Intramolecular and Intermolecular Quenching of DBO-Labeled Peptides and
DBO According to Scheme 2 in H,O [Kinetic Solvent Deuterium Isotope Effects, i.e., k(H2.0)/k(D20), Given in Square Brackets]

fragment sequence k10857 k-110°st KI1073
upper strand W/Y-QIFVK-DBO 9.5[1.2] 3.2[1.1] 3.0
lower strand W/Y-TITLE-DBO 14.2[1.1] 2.0[1.0] 7.1
turn W/Y-TLTGK-DBO 41.4[1.2] 4.6[1.1] 9.0
intermolecular W/Y+ QIFVK-DBO = 3000 M1 [=1.23] 18.6 [1.23] 160 Mt

aThe values were extrapolated by assuming an ideal intermolecular diffusion; cf. text and ref 58.

that charge effectzannot be responsible for the observed
variations, i.e., the faster kinetics of tfgeturn (TLTGK). The
failure to observe a salt effect (up to 0.1 M NaCl, data not

(1.8, hydrogen atom abstraction) but not for Trp.

kl;;ner,Y

inter

Y _ iff
shown), which is expected to reduce electrostatic interactions (@ ka' = 40007a°N ( inter _ kiqnter,Y) and
by screening the charges, also supports the finding that charge aldift nter +inter W
effects on the end-to-end collision rat&.) are not well iff qu '

developed in our peptide sequences.
Microscopic Rate Constants for End-to-End Collision and
Dissociation. We reasoned that the study of two different

b) Ky =
Ok 40007a°N,(

inter
iff

- 6
_ kl[;ﬂer,W) ( )

The resulting values fok. andk-, obtained by solving the

quenchers with varying quenching efficiency can be used 10 gystem of coupled egs 5, are entered in Table 7. While the rate
extrapolate the end-to-end collision rates and, in addition, t0 sgnstant forintermolecular quenching of the QIFVK-DBO
obtain estimates of the dissociation ratks ifi Scheme 2) for eptide by Trp (1.6x 10° M~! s73) falls about a factor of 2

the different peptide sequences. For fluorescence quenching Ofgelow the expected diffusion-limited rate (3:010° M~1s71),

DBO, one can employ Trp as a quencher with high efficiency the extrapolated end-to-end collision rate constants (Table 7)
and Tyr as a quencher with a lower efficiency. The same resultsi,rn out to be only slightly larger than thiatramolecular
could be obtained with deprotonated Tyr (at pH 12), which is quenching rate constants for the DBO/Trp system (Table 2).
an equally efficient quencher as Trp. The end-to-end collision The DBO/Trp probe/quencher pair is therefore well suited to
rates are proposed to be determined by the peptide backbongssess end-to-end collision kinetics in peptides, as already
such that the rate constants for both formation as well as projected in previous studi@$24The results in Table 7 therefore
dissociation of the encounter complex should be the same forsypport the suggestion that a reaction which is somewhat slower
the DBO/Trp and DBO/Tyr pairs, i.ek, ~ ki’ = ki andk® ~ than diffusion-controlled in thimtermolecularcase, can become

kY = k_. Equations 5a,b then apply for the Trp and Tyr cases close to diffusion-controlled in the correspondingamolecular

as specific expressions of eq 2.

K.k

ko + ky

To solve this system of coupled equations for the respective

k. kj

@k = ko + k)

(b)ky = ®)

formation and dissociation rate constants, one must specify the

unimolecular rate constants for deactivation of the excited
encounter complexeskd) for both Trp and Tyr. These rate
constants should only be dependent on the quencher an

therefore be independent of the chain, i.e., the same for the

intramolecular and intermolecular reactions. Similar equations

. . 0
as in egs 5a,b can be set up for the intermolecular cases, wherdécreases from 1.9 101 s

ky adapts the meaning of a diffusion-limited rate) and
wherek- can be expressed through the equilibrium constant
for intermolecular encounter complex formatidn & K/kyi).
Assuming quenching in an ideal solution without enthalpic

interactions between probe and quencher, an expression for this

equilibrium constant is availabf@:5” This allows one to derive
values forkg according to the resulting eqs 6a,b from the
intermolecular quenching rate constaﬂfq‘%‘e(). The diffusion-
limited rate for the intermolecular reactiokjf") was taken as
3.0x 10° M1 s71in H,0,%8 assuming a collision radius) of

4 A% The values folky, obtained from egs 6, amount then to
2.1 x 109 s for Trp and 1.5x 10° s~ for Tyr in H20. In

accordance with the proposed quenching mechanism, the

estimatedky values display a significant isotope effect for Tyr

(57) Wang, X.; Bodunov, E. N.; Nau, W. MDpt. Spectrosc2003 95, 560—
570.

systen?l23 This is due to the decrease of the diffusion
coefficient of probe and quencher when attached to the chain,
which may amount to 1 order of magnitu#!® The internal
friction of the chain limits free diffusion, which resembles the
effect of an increased viscosity in a diffusion-controlled
intermolecular reaction. This diffusive effect should operate on
both the formation of the encounter complex and its dissociation,
since both the forward and the reverse reactions require the same
conformational changes. The peptide chain will therefore not

0onIy reduce the rate of end-to-end collisida.Y but also, in a

first approximation, increase the lifetime of the encounter
complex. This accounts for the observation that khevalue

~1 for the intermolecular reaction
to (2.0-4.6) x 10° s71 for the intramolecular cases (Table 7).
Note that this decrease ik- improves the condition for

(58) We used an empirical formul®(= 107 exp( — $ In m) with m as the
molecular weight) suggested for amino acids, peptides, and proteins to
estimate the diffusion coefficients of QIFVK-DBO and Trp; cf. ref 21 and
Creighton, T. EProteins: Structures and Molecular Propertjeznd ed.;

W. H. Freeman and Company: New York, 1993. The diffusion coefficients
were then used in the Smoluchowski equatiki=€ 47Na(rg + rc)(Ds +

Dc)) along with an effective reaction radius) of 4 A between the reactive
sites; cf. ref 59. In contrast to the use of the simple Detfymoluchowski
equation to estimate diffusion ratdgif = 8RT/3y), this sequential treatment
allows one to explicitly consider the fact that the attachment of a peptide
chain to a probe or quencher will necessarily reduce its diffusion coefficient
but not enhance the reaction rate, since the true reaction radius remains
confined to the volume around the reactive sites of the probe and quencher
itself.

59) The collision radiusd) of 4 A corresponds approximately to the sum of
the van der Waals radii of probe (DBO) and quencher (Trp/Tyr) and is the
average distance of van der Waals complexes produced by molecular
dynamics simulations (M. Zacharias, D. Roccatano, unpublished results).
In addition, the distance between the reactive atoms in the transition states
for quenching (see Scheme 3) lies within this range.

(60) Liu, G.; Guillet, J. EMacromoleculesl99Q 23, 4292-4298.
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Scheme 3. Presumed Structures for the Transition States in the Fluorescence Quenching of DBO by an Indole as a Model for Trp and by a
Phenol as a Model for Tyr

¥ B E:
ca. 2.6 A

% N;N ———

: } ca.2.2 A °"'H'"N\

:/H * .

N N

= <

diffusion-controlled quenching in Scheme & & k-), since On the other hand, we have also evidence derived from the
the deactivation ratekg) should be independent of the attach- activation barriers (Table 3) and the large variations in end-to-
ment of the chain. end collision rate constants for different sequences (Tables 2

The significant variances in the rate constants for the various and 7) that the internal friction of the peptide backbone is
peptides reveal the biopolymer chains as being far from ideal, anotherimportant factor. Consequently, the end-to-end collision
since an ideal chain would be characterized by constant valuesrates in short peptides are determined by a subtle interplay
of k; andk-.%5 In addition, the equilibrium constants for probe/ between internal friction and solvent friction. The activation
guencher encounter complex formatid@ € ki/k_, Table 7) barriers in Table 3 suggest that end-to-end collision in the most
are not constant for the different peptides. They range from 3 flexible turn is mainly controlled by solvent friction; internal
to 9 times 103 and fall 1 order of magnitude below the ideal friction becomes sizable in the more rigid strand fragments.
expectation valu (ca. 0.09 for an ideal chain with 7 segments, Interpretation of End-to-End Collision Rates. It should be
a reaction radius of 4.0 22 and a segment length of 3.8% mentioned that the end-to-end collision rate in a peptide depends
This is indicative of a slight steric repulsion between the chain on the definition of what an end-to-end collision (or contact
ends and speaks certainly against a hydrophobic attraction andormation) actually is. The choice of the proper reaction or
association between probe and quencher. The latter should givecollision radius is particularly criticé® We have used a value
rise to larger values df than for an ideal chain. For example, of 4 A for the present DBO/Trp and DBO/Tyr probe/quencher
in a recent study employing time-resolved confocal fluorescence systems and the data in Tablé°7t can be shown that the choice
spectroscop$t K values in the range 2-24.9 have been  of a larger radius leads to substantially higher end-to-end
obtained for oxazine/Trp-labeled peptides, in which probe and collision rates. It is therefore less surprising that probe/quencher
guencher are separated by 8amino acids. These are 1 order systems with a larger reaction radius, like those performing
of magnitudelarger than the ideal-chain values expected for exergonic triplet-triplet®® or singlet-singlet energy transfér;%*
peptides of this length (ca. 0.2 for a presumed reaction radius may display intramolecular quenching rate constants which are
of 5.5 A82), Indeed, a strong hydrophobic association between larger than those obtained from the DBO/Trp and DBO/Tyr
oxazine as probe and Trp as quencher is observed in the groungbrobe/quencher pairs. Exchange energy transfer is expected to
state (static quenching) and provides also a prerequisite foroccur as soon as orbital overlap between probe and quencher is
applying the confocal fluorescence technique, which is based established within distances as large as &7 while quench-
on an equilibrium between two states with different fluorescence ing of DBO by Trp is subject to the stringent and proximate
properties. In contrast, steady-state fluorescence experiments fof<4 A)% transition state geometries for exciplex formation and
the intramolecular and intermolecular quenching of DBO by hydrogen abstraction (see Scheme 3). The latter have been
Trp did not reveal significant static quenchiffgwhich once calculated at a very high level of theory for alcot¥8land
more corroborates the absence of significant hydrophobic probe/amine$56°as quenchers.
qguencher association and is in line with the very small calculated As can be seen, the quenching of DBO by Trp and Tyr
K values (Table 753 requires a more intimate and better defined end-to-end contact

Factors Determining End-to-End Collision Rates. For (“a specific atom-to-atom contact”) than quenching by exchange
peptides with Trp as quencher, the isotope effect (Table 2) on energy transfer (*a chromophore-to-chromophore orbital over-
the quenching rate constants ranges from 1.1 to 1.2, whichlap”). Systems with a larger effective quenching radius may
comes close to the ratio of the viscosities gfDand HO at yield faster quenching rate consta&?t® and therefore imply
25 °C [7(D20)(H20) = (1.1 cP)/(0.89 cP)}= 1.23]. More
significantly, there is a factor of-23 decrease for the end-to- (61) C’;‘ﬁgﬂ?”seg&%@clg‘gzégfggggﬁe" M.; Enderlein, J.; SauerJMAm.
end collision rates in 7.0 M guanidinium chloride solution (Table (62) Vaiana, A. C.; Neuweiler, H.; Schulz, A.; Wolfrum, J.; Sauer, M.; Smith,
3), which can also be accounted for in terms of the higher gz isgsr b Chem. S0@003 125 14564-14572.

)
/ . . . 1 ) Krieger, F.; Fierz, B.; Bieri, O.; Drewello, M.; Kiefhaber, J.Mol. Biol.
viscosity effect in this mediumn(= 1.71 cP). In fact, the )2003 332, 265-274.
)

decrease is somewhat larger than expected on the basis of®* §5S§“3el'b9-; Huang, F.; Nau, W. Nehotochem. Photobiol. S@004 3,

viscosity alone, which has been observed previously and Egg) \l>lvau, w. I\F/,I.;JWaKr;g, g?thPgﬁsCheéﬁtgggg, 5359369286_ 0635
. .. . . agner, P. J,; JJ. Am. em. So .
attributed to some association of the additive to the pepfide. (67) Paddon-Row, M. N. IrStimulating Concepts in Chemistrygtie, F.,

The latter is expected to cause an additional decrease of the ggtﬁddart,l F., Shibasaki, M., Eds.; Wiley-VCH: Weinheim, 2000; pp-267

diffusion coefficient of the chain ends. (68) Nau, W. M.; Greiner, G.; Rau, H.; Olivucci, M.; Robb, M. Ber. Bunsen-

; ; i i Ges. Phys. Chenl998 102, 486-492.
The viscosity effects demonstrate that solvent friction is an (69) Sinicropi, A Pischel, U.: Basosi, R.: Nau, W. M.: Olivucci, Kngew.

important factor in determining the end-to-end collision rates. Chem., Int. Ed200Q 39, 4582-4586.
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apparently faster end-to-end collision rates, which, however, are Conclusions
then due to a different definition of what the “end” represents, ) o )
namely an increased size of the ends. The more stringent N conclusion, we have used a combination of two intramo-
geometric selection rules for fluorescence quenching of DBO '€cular probe/quencher pairs of varying efficiency, namely DBO/
are also reflected in the unique observation that the rates go'"P and DBO/Tyr, to extrapolate the end-to-end collision rates
through a maximum when the chain length is altered, i.e., the in Polypeptides derived from the two strand and the single turn
shortest homologue isot the fastest on& While this charac-  'egions of a naturgs-hairpin secondary structure. The extrapo-
teristic “inversion” behavior is expected for bonding interactions 1ated collision rates lie close to the rates determined for the
in peptides®’: as well as polymer&73it has not yet been DBO/Trp pair, thereby supporting the conjectures from previous
reported in the related studies on polypeptides for alternative studies and confirming the notion that reactions between probe
probe/quencher pairs with looser quenching geomefigis2.63 and quencher tend to become “more diffusion-controlled” upon
With the important insight that there is no universal rate attachment to a peptide chain as a consequence of the reduced
constant of end-to-end collision, we can return to the original diffusion coefficients when attached as ends to a chain.
motivation for measuring this quantity, which was the prediction Fluorescence quenching of DBO mimics an elementary step of
of the rates of the elementary steps of protein folding. Clearly, peptide folding, namely the formation of initial hydrogen bonds
the formation of initial secondary structures, wheteurn or to initiate secondary structure formation, in that it involves a
o-helix, requires the crucial formation of at least a single specific “atom-to-atom” type of collision, which is characterized
“correct” hydrogen bond, which may then lead to a zipping of by a specific transition state geometry with an intimate approach
the remaining parts. Hydrogen bonding presents a specific, in reach of covalent bonding. The present study has also revealed
proximate, and geometrically well-defined atom-to-atom contact, that the end-to-end collision rates and thereby flexibility of
which leads us to suggest that the presently reported end-to-peptides are highly dependent on the peptide sequence. Peptides
end collision rates present excellent estimates of the maximumderived from theg-turn of ubiquitin were found to be much
rates for formation of peptide hydrogen bonds. In this context, more flexible than those of thg-strands, which exposes an
it may or may not be important to emphasize that the atomic jmportant link between secondary structure propensity and
arrangement responsible for quenching of DBO by tyrosine with glementary rate constants. Varying flexibility of peptide se-
a collinear N- - -H- - -O transition state (see Scheme 3) presentsq,ences may therefore impose a strong kinetic bias in the early
an excellent mimic of the N---H---O hydrogen bond in  giages of protein folding. The collision rate for the turn allowed

peptides. _ ~an estimated rate of ca. 25 ns for the formation of a single
The present rate data suggest that the formation of the first hydrogen bond in the-turn region. The prediction of the

hydro‘?en b}?nd in thlﬂ-turn fr(?glon gan O?Cﬁr in a§ E‘S,t gs 25 formation rate of an entirg-hairpin, however, does critically
ns (1ky). The actual rate of formation of the entjéehairpin depend on the formation of mismatched structures, which could
cannot be directly predicted from this value alone, but it can slow the overall process, akin to the situation for sSDNA
be used as the basis to estimate the time scale. If one alssumeﬁairpins?4 In addition, indi\’/idual amino acids were shown to

as one extreme scenarig that each of the 67 important . . oo .
. . o - have a dramatic effect on peptide flexibility through peptide

hydrogen bonds in the ubiquitin hairpin (Scheme 1a) is formed |, - ; h . )
mutation” experiments, while charge repulsions or attractions

with the same rate of 25 ns (which neglects the known length . ST
- 23/ between the chain ends have an insignificant effect on the end-
dependence of end-to-end collision rat€s),23(ii) that exclu- . .
to-end collision rates. The end-to-end collision rate constants,

sively correct hydrogen bonds are formed, aiiig (hat each S . . )
formation of a correct hydrogen bond leads to a rapid zipping activation energies, and isotope effects demonstrate finally that
of the two strands. one obtains a rate as fast as 4 ns for theit is a combination of internal friction in the peptide backbone

’ (conformational changes) and solvent friction (viscosity-limited

formation of the entirgs-hairpin. If, however, one makes the o ; > hat
reasonable assumption that mismatched hydrogen bonds are alsgiffusion) which determines the rates of end-to-end collision

formed and that the hairpin sequence can be transiently trapped™ €dually long peptides.
in incorrect structures, the overall process can be slowed by as
much as 2 orders of magnitude, similar to the situation for
ssDNA hairpin structure®t It is therefore likely that the overall
rates off3-hairpin formation lie in the range of several tens to
hundreds of nanoseconds, thereby approaching some earl
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