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Abstract: The conformational search for favorable intramolecular interactions during protein folding is limited
by intrachain diffusion processes. Recent studies on the dynamics of loop formation in unfolded polypeptide
chains have focused on loops involving residues near the chain ends. During protein folding, however,
most contacts are formed between residues in the interior of the chain. We compared the kinetics of end-
to-end loop formation (type | loops) to the formation of end-to-interior (type Il loops) and interior-to-interior
loops (type Il loops) using triplet—triplet energy transfer from xanthone to naphthylalanine. The results
show that formation of type Il and type Il loops is slower compared to type | loops of the same size and
amino acid sequence. The rate constant for type Il loop formation decreases with increasing overall chain
dimensions up to a limiting value, at which loop formation is about 2.5-fold slower for type Il loops compared
to type | loops. Comparing type Il loops of different loop size and amino acid sequence shows that the
ratio of loop dimension over total chain dimension determines the rate constant for loop formation. Formation
of type Il loops is 1.7-fold slower than formation of type Il loops, indicating that local chain motions are
strongly coupled to motions of other chain segments which leads to faster dynamics toward the chain
ends. Our results show that differences in the kinetics of formation of type I, type Il, and type Il loops are
mainly caused by differences in internal flexibility at the different positions in the polypeptide chain.
Interactions of the polypeptide chain with the solvent contribute to the kinetics of loop formation, which are
strongly viscosity-dependent. However, the observed differences in the kinetics of formation of type |, type
I, and type 11l loops are not due to the increased number of peptide—solvent interactions in type Il and
type Il loops compared to type | loops as indicated by identical viscosity dependencies for the kinetics of
formation of the different types of loops.

Introduction However, during protein folding loop formation between an end

. . . and the interior of the chain (type Il loops) or between two

During protein folding many short-range and long-range . N [ resid " : h In both
intrachain interactions have to be established. Intrachain diffu- o' & Fesidues (type lll loops) is much more common. In bo

sion allows the chain to bring interacting groups together and cases, loop .formatlon |nvolve_s motions of addltl_onal chain
to probe for favorable intramolecular interactions. Intrachain segments (tails) beyond the region of contact formation. Polymer
loop formation can thus be viewed as a fundamental step of theory predicts that loop closure reactions become slower with

protein folding and sets an upper limit for the rate at which the increasing tail length until a limiting value is reach€d:°> The

free energy surface can be explored. It was shown that insertingeffects of additional tails were predicted to depend on the size
long loops into protein sequences reduces the stability of the and on the stiffness of both the loop and the t&iExperimental
native staté2 and slows down the folding kinetiés, which data on loop formation in long organic homopolymers showed
indicates that the size of loops is an important determinant of slower dynamics for formation of type Il loops compared to
protein folding and stability. Three categories of intramolecular type | loops, but no clear dependency on the tail length was
loops can be distinguished (Figure 1A). Type | loops are formed
between the chain ends. The kinetics of formation of these loops (7) Krieger, F.; Fierz, B.; Axthelm, F.; Joder, K.; Meyer, D.; Kiefhaber, T.
has been studied in different polypeptide chains and with (g %ﬂg%ﬁ_’?ﬁ'izfgé 30(7323\/9;\%1; J.R.; Gray, H.moc. Natl. Acad. Sci.

different experimental systef3? (for a review see ref 11). U.S.A.2003 100, 3838-3840.
(9) Hudgins, R. R.; Huang, F.; Gramlich, G.; Nau, W. 81.Am. Chem. Soc.
2002, 124, 556-564.
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(A) Schematic representation of type |, and type Il and type Il loop formation reactions. (B) General structures of peptides used in TTET

experiments. In type | and type Il loops the xanthone label is attached to the N-terminus and naphthylalanine (NAla) defines the C-terminus of the loop
region. For type Il loop peptides xanthone is attached taghdiaminopropionic acid side chain at the N-terminal end of the loop region.

observed® Measurements of loop formation between two beyond the loop region influence the kinetics of loop formation.
internal residues in unfolded cytochrome c yielded slower We used TTET between xanthone and naphthylalanine to
kinetic® than expected from results on type | loop formation measure formation of type Il and type Il loops in several model
in model peptide§&!! However, to date it has not been polypeptide chains and compared the results to kinetics of type
systematically investigated whether end extensions affect thel loops with the same loop region. In addition, we studied the
kinetics of loop formation in polypeptide chains. effect of length and amino acid sequence of the additional tails
We have studied the kinetics of end-to-end loop formation on the dynamics of loop formation.

in unfolded polypeptide chains using triptettiplet energy
transfer (TTET) between a xanthone (Xan) moiety and a
naphthylalanine (NAla) group’111*1° TTET between Xan and Type Il vs Type | Loop Formation. To investigate the effect
NAla requires van der Waals contact between donor and of an additional tail at one end of a loop on the kinetics of
acceptor, and all photophysical processes involved in this contact formation we measured TTET between Xan and NAla
process occur on the picoseconds time se&lé! This allows attached to the ends of a loop consisting of four Gly-Ser pairs
measurements of diffusion controlled intrachain loop formation (see Figure 1B). This represents a model for an average size
reactions on an absolute time scale. In previous studies tripletprotein loop with high flexibility?2 We used two different series
donor and acceptor groups were attached at the ends of poly-of C-terminal extensions (see Table 1). In series 1, the extension

Results

serine and poly-(glycine-serine) chains of different lengéml
fragments from natural proteirisin all investigated chains

is composed of (Ser-Glyunits (= 1, 4, 7, 12). In series 2
the tail consists of the sequence Ser-Gly-(Thr-Gly-GIn-Ala)

single-exponential kinetics for loop formation were observed Gin-Ala-Ser-Gly o = 2, 4). All peptides from both series are

with rate constantsk;, around 10—10° s™1. These studies

free of charged side-chains and unstructured as judged from

allowed us to elucidate the effect of amino acid sequence on circular dichroism spectra (data not shown). Figure 2 compares

loop formation and to derive scaling laws. In flexible glycine-

kinetics of contact formation in thEan(Gly-Ser)-NAla-Ser-

serine copolymers it was found that for sufficiently long chains Gly peptide and in a peptide with the same loop sequence but

(number of loop residued > 20) k. decreases witihN=1.740-1,
which is the expected behavior for an excluded volume chHin.
For shorter loops, the dynamics reached an upper limit ef
1.9 x 1@ s1. Stiffer chains devoid of glycine residues showed
similar scaling laws with only slightly slower kinetics compared
to poly(glycine-serine§.Here we test whether additional tails

(16) Lee, S.; Winnik, M. AMacromolecules1997, 30, 2633-2641.

(17) Bieri, O.; Kiefhaber, TBiol. Chem.1999 380, 923-929.

(18) Krieger, F.; Maglich, A.; Kiefhaber, T.J. Am. Chem. So2005 127, 3346—
3352,

(19) Miglich, A.; Krieger, F.; Kiefhaber, TJ. Mol. Biol. 2005 345, 153-162.

(20) Satzger, H.; Schmidt, B.; Root, C.; Zinth, W.; Fierz, B.; Krieger, F.;
Kiefhaber, T.; Gilch, PJ. Phys. Chem. 2004 108 10072-10079.

(21) Heinz, B.; B., S.; Root, C.; Satzger, H.; Milota, F.; Fierz, B.; Kiefhaber,
T.; Zinth, W.; Gilch, P.Phys. Chem. Chem. Phy&006 8, 3432-3439.

with the amino acids Ser-Gly-(Thr-Gly-GIn-AlalsIn-Ala-Ser-

Gly attached C-terminal from the NAla moiety. The reaction
was initiated ly a 4 nslaserflash at 355 nm, which produces
xanthone triplet states within the duration of the laserffe&!
Loop formation between xanthone and naphthylalanine was
monitored by the decrease in xanthone triplet absorbance at 590
nm$ Loop formation is slowed down 1.6-fold in the presence
of the additional 20 C-terminal tail residues in the longer peptide.
Varying the length of the C-terminal extension reveals that
log(k;) decreases linearly with increasing tail length (Figure 3A).
However, the effect of increasing tail length kyis not identical

(22) Leszcynski, J. F.; Rose, G. Bciencel986 234, 849-855.
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Table 1. Sequences of Peptides Used for TTET Experiments?

peptides sequence n
series 1 Xan-(Gly-Ser)s-NAla-(Ser-Gly)-OH 1,4,7,12
series 2 Xan-(Gly-Ser)s-NAla-Ser-Gly-(Thr-Gly-GIn-Ala)-GIn-Ala-Ser-Gly-OH 2,4
series 3 Xan-Gly-Ser-NAla-(Ser-Gly)-OH 1,6
series 4 Xan-Gly-Ser-NAla-(Thr-Gly-GIn-Ala),-GIn-Ala-Ser-Gly-OH 2,4
series 5 Xan-Ser-Ser-Ser-NAla(Ser-Gly)-OH 1,6
series 6 Xan-Ser-Ser-Ser-NAla(Thr-Gly-GIn-Ala),-GIn-Ala-Ser-Gly-OH 2,4
series 7 Xan-(Gly-Ser);o-NAla-(Ser-Gly)-OH 1,6
series 8 Xan-(Gly-Ser)1o-NAla-(Thr-Gly-GIn-Ala),-GIn-Ala-Ser-Gly-OH 2
series 9 Ac-(Gly-Sep)Dpr(Xan)-(Gly-Ser)s-NAla-(Ser-Gly)-OH 2,4,6
series 10 Ac-Gly-Ser-Ala-GIn-(Ala-GIn-Gly-ThrDpr(Xan)-(Gly-Ser) »-NAla- 2

(Thr-Gly-GIn-Ala)-GIn-Ala-Ser-Gly-OH

biotin Xan-(Gly-Ser)s-NAla-(Ser-Glyy-Lys(Biotin)-Ser-Gly-OH

aAc: acetylated N-terminus. Xan: xanthonic acid. NAla: naphthylalanine. [Bg-diaminopropionic acid. Loop regions are printed in boldface.
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Figure 2. Comparison of the kinetics of formation of a type | loop (Xan-
(Gly-Sery-NAla-Ser-Gly) and a type Il loop (Xan-(Gly-SefNAla-Ser-
Gly-(Thr-Gly-GIn-Alak-GlIn-Ala-Ser-Gly-OH) with identical loop regions
monitored by the decay in xanthone triplet absorbance at 590 nm. Single-
exponential fits to the data yield rate constants of @.D0.1) x 107 st

and (1.3+ 0.1) x 107 s for the type | and type Il loop, respectively. The
experiments were carried out in a 44% (v/v) glycerol/water mixture
corresponding tgy = 3 cP. Data for the type | loop were taken from ref 6.

0

The data can be fitted according to
ke = Ky eXp@ASAy;) 1)

wherekg represents the rate constants for type | loop formation.
A fit to the data from both series of extensions gave values of
ko= (8.54+0.1) x 10’ s tanda = (—1.5+ 0.1) x 104A~2,

Theoretical considerations based on polymer theory suggested
that the effect of additional tails on the dynamics of loop
formation is a function of tail length and chain stiffness, i.e., of
the dimensions of the taif Flory introduced the characteristic
ratio, Cy, to calculate dimensions of polymer cha&hswhich
includes contributions from the number of chain segments and
from chain stiffness

_ mOo

=P (2

N

for the two series of extensions when the number of amino acidswhere [2Cdenotes the mean square end-to-end distadds,
in the tail, N, is compared. The rate constants are less affectedthe number of chain segments, adds the squared segment

by the (Ser-Gly) extension compared to the (Thr-Gly-GIn-Ala)
series of equal length (Figure 3A) indicating that the effect on
ke does not correlate with the number of chain segments in the
tail.

To elucidate the origin of the observed effect of end
extensions on the kinetics of type Il loop formation we tested
the correlation ok; with various parameters. Peptide motions
in water are overdamped, and thus inertial forces should not
contribute to the dynamics. The kinetics of loop formation
should thus not correlate with the mass of the tail. Intrachain
motions are rather coupled to solvent mofiottf as indicated

length.Cy for real chains is larger than unity; i.e., the dimensions
of a real chain grow more strongly with increasing number of
chain residues compared to an ideal chain where the end-to-
end distance grows witi?l0= NI2. Cy is a function ofN and
increases with increasing chain length up to a limiting value,
C., which is related to the persistence length of the cRain.
polypeptide chaing., is 9.27 for poly-alanine, and a similar
value was proposed for all other amino acids except glycine
and proline. Introduction of glycine residues leads to more
flexible chains and thus to a small€g and decreased chain
dimensions. Using the transformation matrices to calculate

by the observed strong viscosity-dependence of the kinetics of characteristic ratios for polypeptide chains determined by Pory

end-to-end loop formation!® The increased number of interac-
tions of the polypeptide chain with the solvent in type Il loops
compared to type | loops may slow down chain dynamics. In
this case the effect of the additional tail knshould correlate
with the solvent accessible surface area (ASA) of the tail. The
exact ASA of an unfolded polypeptide chain is typically
approximated by calculating the ASA of a fully extended
chain? Figure 3B shows lodg) as a function of the ASA of
the tail (ASAa) for both series of extension. The effect of
ASAi on ke is similar for both series, but there is still a slight
deviation between the two series of extensions for long tails.

we calculated mean square end-to-end distances for all inves-
tigated polypeptide chains according to eq 2. This allows us to
test for the effect of changes in chain dimensions caused by
additional tails on the rate constant of loop formation. The
absolute values ofi?(Jare most likely inaccurate, since only
nearest neighbor potentials were considered by Flory. Long-
range intrachain interactioflsand peptide-solvent interactions,
which are neglected in these calculations, were also shown to
affect the chain dimensions. However, the calculaté@values
allow an estimate of the relative dimensions of the different
loops. Figure 3C shows log) as a function of the average

(23) Kramers, H. APhysical94Q 4, 284-304.

(24) Szabo, A.; Schulten, K.; Schulten, Z. Chem. Phys198Q 72, 4350-
4357.

(25) Myers, J. K.; Pace, C. N.; Scholtz, J. Rrotein Sci.1995 4, 2138-2148.
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(26) Flory, P. JStatistical Mechanics of Chain Molecujgdanser Publishers:
Munich, 1969.

(27) Pappu, R. V.; Srinivasan, R.; Rose, G.®oc. Natl. Acad. Sci. U.S.A.
200Q 97, 12565-12570.
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Figure 3. (A) Effect of the number of tail residuell, on the rate constants
for type Il loop formationk., in a Xan-(Gly-Ser)}-NAla loop with (Ser-
Gly), (@, series 1 peptides) or with Ser-Gly-(Thr-Gly-GIn-AfggIn-Ala-

Ser-Gly ©, series 2 peptides) C-terminal extensions. (B) Effect of the

Table 2. Dimensions and Rate Constants for Loop Formation for
the Different Type | Loops and Effect of a C-Terminal Extension
on the Kinetics of Loop Formation

ﬁmnpa kOb ub

loop sequence R (s Ay
Xan-Gly-Ser-NAla 113 (1.90.1)x 10° (—4.6+0.2)x 102
Xan-(Gly-Ser)-NAla 20.0 (8.9+0.2)x 10’ (—2.04+0.1)x 1072
Xan-(Gly-Ser)¢NAla  30.3 (3.0 0.2) x 10° (—2.14+0.8)x 102
Xan-Ser-Ser-Ser-NAla  14.8  (8#0.2) x 1(f (—3.04+0.2) x 1072

aCalculated using the parameters given by FRSry® ko and a. were
determined by a fit of eq 3 to the data shown in Figure 4A.

0.1) x 1072 A-1 (see Table 2). This suggests that the effect of
an additional tail on the dynamics of loop formation depends
on the overall chain dimensions. This finding supports the results
from polymer theory which suggested that both chain length
and chain stiffness influence loop formation. The agreement of
data obtained from the two series of chain extensions seems to

be slightly better whelk. is correlated withy [H2C(Figure 3C)
compared to the correlation betwdgrand ASAg; (Figure 3B).

However, \/E_ZDis correlated with ASAj, which makes it
difficult to evaluate the major determinant for the effect of end
extensions on chain dynamics.

Polymer theory predicts that the effect of end extensions on
the kinetics of loop formation should reach a limiting value for
long tails!? The effect of a C-terminal extension on the kinetics
of formation of theXan(Gly-Ser)-NAlaloop does not reach a
limiting value in the range of extensions accessible with standard
peptide synthesis. To test whether a very large polypeptide chain
attached to the C-terminus has a strong effect on the kinetics
of loop formation, we synthesized a type Xan(Gly-Sery-
NAlaloop containing a biotinylated lysine residue near the end
of the C-terminal extension (Table 1). This allowed us to bind
the peptide to avidin, a tetrameric glycoprotein from hen egg
white (M, = 62 400, ASA= 21 000 &), which strongly binds
a biotin group per monomer with a dissociation constant of 1.3
x 10715 M.28 Considering the dimensions of an avidin tetramer
this leads to a very large increase in chain dimensions and should
allow us to answer the question of a limiting value for type Il

accessible surface area (ASA) of the C-terminal tail on the rate constants|00p dynamics. The rate constant for loop formation in the
for type Il loop formation. Peptides and symbols are the same as those in biotinylated peptide in the absence of avidin is (&3.2) x

panel A. The solid line is an exponential fit of eq 1 to the data itk
(8.54+ 0.1) x 107 s Lando = (—1.54 0.1) x 104 A~2, (C) Effect of the

calculated average end-to-end distanvéjj_zm on the rate constants for

type Il loop formation. Peptides and symbols are the same as those in panel

A. The solid line is an exponential fit of eq 3 to the data wigh= (8.9 +
0.2) x 10’ standa = (—2.04 0.1) x 102 A-L The insets in panels B

and C showk. for the biotinylated peptide bound to avidin. Rate constants

are given for 22.5in water.

end-to-end distance of the whole chaw4' [¢°D) for both series

of Xan(Gly-Ser)-NAla type Il loops. Changes iy *Chave
the same effect ok in the (Ser-Glyy and (Thr-Gly-GIn-Ala)
extension series, which can be described by

k, = ko exp(ow/ D) @3)

10" s L. Upon addition of avidin, the rate constant decreases to
(3.9£ 0.4) x 10’ s71, which corresponds to a 2.3-fold slower
loop formation compared to the corresponding type I loop. The
effect of avidin is much smaller than expected from the surface
area (Figure 3B, inset) or the size (Figure 3C, inset) of the avidin
tetramer with four biotinylated polypeptide chains bound (ASA
~ 33000 A). This result shows that the kinetics of loop
formation in the type Il Xan-(Gly-SepNAla loop become
independent of tail length when the overall chain dimensions

are larger than/m_zDz 62 A (Figure 3C, inset), i.e. when the
overall chain dimensions are about three times the dimensions
of the loop region. This limiting value can be explained by an
increased flexibility of polypeptide chains toward the chain ends,
which was directly observed in NMR experimeis?In type

28) Green, N. MAdv. Protein Chem1975 29, 85-133.

-
whereky denotes the rate constant of the type | loop formation (29) Schwalbe, H.; Fiebig, K. M.; Buck, M.; Jones, J. A.; Grimshaw, S. B.;

at «/mzqmp, which is 20 A for theXan-(Gly-Ser)-NAla loop.

Spencer, A.; Glaser, S. J.; Smith, L. J.; Dobson, CBibchemistryl997,
36, 8977-8991.

A fit of eq 3 to the data obtained from both series of peptides (30) Klein-Seetharaman, J.; Oikawa, M.; Grimshaw, S. B.; Wirmer, J.; Duchardt,

gives values oky = (8.94+ 0.2) x 10’ s ' anda = (—2.0 £

E.; Ueda, T.; Imoto, T.; Smith, L. J.; Dobson, C. M.; SchwalbeSkience
2002 295, 1719-1722.

J. AM. CHEM. SOC. = VOL. 129, NO. 3, 2007 675



ARTICLES Fierz and Kiefhaber
& Type 1 Type II, short Type II, limit 2-108F— T T T E—
= o A
=<
8
5 U \J ~
S =
S =
O )

Type 111, short

Figure 4. Schematic representation of the position-dependence of chain
flexibility and the resulting position of the points of contact formation in
type |, type Il, and type lll loops. The scheme shows that a limiting value
for the chain stiffness is reached for long type Il and type Ill loops. The
position-dependence of chain stiffness is based on theoreticaPiamk

on results from NMR experimentg:3°

Type I, limit

Chain flexibility

I loops, both contact points are located in flexible parts of the
chain ends, which leads to faster dynamics compared to type |l
loops, where one of the contact points is located in a stiffer
chain segment of the chain (Figure 4). This effect should be
saturated for longer type Il loops, when chain stiffness at the
interior contact point has reached a limiting value. The observa-
tion of a limiting value for the effect of an end extension
supports the model that the ASA of the tail is not the major
determinant for the effect of a type Il tail dg. In this case, a
much larger effect of avidin ok; would be expected (Figure
3B, inset). In the following, we will therefore correlate the rate
constants of loop formation with changediifl] This correlation
allows us to compare our results with theoretical results from
polymer theory.

Effect of Loop Length and Loop Sequence on the Kinetics
of Type Il Loop Formation. To test the effect of loop length
and loop sequence on the kinetics of type Il loop formation we
investigated type Il loops with different loop regions (see Table
1). A loop consisting ofXan-Gly-SerNAla (series 3, 4) was
used as a model for aini + 3 contact, which is frequently
observed ins-turn sequences. XanSer-Ser-SeNAla loop

1,0. - II.S. B 20 25 B 30 B l3,5

IN<r?>112,44)

Figure 5. (A) Effect of 4/[°0on the rate constants for type Il loop
formation in different peptide systems with varying loop sequenc®: (
Gly-Ser loop (series 3 and 4 peptide®) (Gly-Ser), loop (series 1 and 2
peptides); ) Segk loop (series 5 and 6 peptideM)((Gly-Ser)oloop (series

7 and 8 peptides). For peptide sequences see Table 1. (B) Effect of the

inverse of the reduced loop siza/[ ks = &/ [, /v/ @0 on the

reduced rate constantseq = Ko/ko for type Il loop formation. Peptide and
symbols are the same as those in panel A. Valuekfarvere obtained
from the fit to the data shown in panel A using eq. 3 and are given in

Table 2. Values o/ I__rlzmmp for the different loops are also given in Table
2. Afit of eq 6 to the data givea =(—4.5+ 0.1) x 107~

longest peptides of the type HanGly-SerNAla loops may
have already reached the limiting value.

Effect of Relative Loop Size on Kinetics of Type Il Loop
Formation. To directly compare the results from the different
type Il loops and to test whether the ratio of total peptide

dimensions,y/ (] over loop dimensionsy [*Ghop, is rate-

(series 5, 6) was used as a model for short and stiff loops, anddetermining for loop formation, we calculated the reduced loop

a Xan{Gly-Ser)o-NAla loop (series 7, 8) served as a model
for long and flexible loops. The effect of the additional tail on
the kinetics of loop closure in the different peptides is shown
in Figure 5. In agreement with our earlier res(lts, large
variation ink. is observed for the different type | loops, but
also the effect of end extensions is different for the different
loops. Contact formation in the shaxanGly-SerNAla and
XanSer-Ser-SeNAla loops is more strongly influenced by
additional tails compared to théan(Gly-Ser)-NAla and the
Xan(Gly-Ser)g-NAlaloops (Figure 5A). In the shoXanGly-
SerNAla loop the two longest extensions show the sdme
values within experimental error. For these peptides the total

sizesy/ [H%[kq for all type Il loops according to
VL= TGV 0

The / [1°Lkq values were compared to reduced rate constants
for loop formation,kq calculated according to

Kea = ko ®)

which allows a comparison of the different type Il loops by
accounting for the differences iky. Figure 5B shows that
log(kreq) is correlated with the inverse of the reduced loop size,

(4)

peptide dimensions are 2.6 times and 3.3 times larger, respecy, /mzmsd and that thekeq values of all type Il loops show the

tively, than the dimensions of the loop region and the rate
constant for contact formation is 2.3-fold smaller than that in
the corresponding type | reference loop. The relative size of
the additional tail and the decreasekijare comparable to the

respective values found for the limiting regime in the longer
Xan(Gly-Ser)-NAla type Il loop (Figure 3C, inset). This

indicates that the rate constants for loop formation in the two

676 J. AM. CHEM. SOC. = VOL. 129, NO. 3, 2007

dependence on\f/]m_zlllsd which can be described by

krea = EXP@/y/ (BT (6)
with oo =(—4.54 0.1) x 107 (eq. 6). Figure 5B further shows
%Lk are very similar for

same

that the limiting value fotk.eq and
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8107 - : . r Figure 6A compares the rate constant of contact formation
7107} in the Xan-(Gly-Ser)-NAla type Il loop with different exten-
6107 sions. Contact formation becomes slower when tails are attached
> 5107f to both sides of the loop region. A comparisorkgin peptides
= 7 bearing (Ser-Glyor (Thr-Gly-GIn-Ala), extensions shows that
L 4107t . L . S
log(ke) linearly decreases with increasing overall chain dimen-
3107} sions,/ [1°) as observed for type Il loops (see Figure 3). A fit
of eq 3 to the data yieldg = (—3.34 0.1) x 102 A1 for the
2107 _ 1 . . type Il loops compared ta = (—2.0 + 0.1) x 102 A1
20 30 40 observed for type Il loops with the same loop sequence (Figure
<5112 (4) 3C). To directly compare kinetics ofan(Gly-Ser)-NAlatype
: : , [l and Ill loops we calculated reduced rate constants according
1.0 to eq 5, which eliminates the differenceskgcaused by the
0.9r different attachments of the xanthone labels. Figure 6B shows
08¢ that an increase in the overall chain dimensions has a 1.7-fold
3 0.7} stronger effect on the formation of type Ill loops compared to
= o6l type 1l loops, but there is no evidence for a limiting value for
the effect of end extensions on the dynamics of type 11l loops.
05 e typell . . 2
However, the reduced dimensior,I“CLy, Of the longest
o typelll . . . L
0.4} . . . . ] investigated type Ill loop is 0.47 whereas saturation in type Il
20 30 40 loops was not observed abow@ﬂgd = 0.35. It is expected
<r?>112 (4) that the kinetics for type 11l loop formation also reach a limiting
Figure 6. (A) Effect of the calculated average end-to-end distan@?ﬂ value in '°“Qer chalrls, when both points of gontapt formation
on the rate constants for type Il loop formation iDar(Xan)-(Gly-Ser)- are located in the stiff central part of the chain (Figure 4B). If

NAla loop with (Ser-Gly) (®, series 9 peptides) or with (Thr-Gly-GIn- - )
Ala), (O, series 10 peptides) C- and N-terminal extensions. The solid line the limiting value would be reached at the S%anlue

is an exponential fit of eq 3 to the data wih= (6.4+ 0.1) x 107 s *and as in type Il loops the maximum effect of tails in type Il loops

a = (-3.3+ 0.1) x 102 A-1 (B) Comparison of the reduced rate  would result in a 3.8-fold decrease ka
constantskeq for type Il and type Il loop formation with the identical

loop sequence Xan-(Gly-SefNAla. A fit of eq 6 to the data gives. = Discussion
(—2.0£ 0.1) x 1072 for type Il loops (see Figure 5B) ar@l = (—3.3+
2 . . S .
0.2) x 10°% for type Il loops. Contact formation between two amino acid side chains on a

polypeptide chain is an elementary reaction in protein folding.

the type Il loop sequencedanGly-SerNAla and Xan-(Gly- To gain insight into the mechanism of loop formation we have

Ser)y-NAla These results suggest that the reduced loop size previously studied end-to-end diffusion in model polypeptide
\/m—zﬂe chains and in fragments from natural proteins. In proteins,

4 determines the effect of tails on contact formation in - ho\ever, the majority of contacts involve internal residues.
type Il systems and that the limiting value for short and long | oc41 motions of a chain segment depend on the motions of its
loops is reached at similar valuesxz{ﬁi_zugd = 0.35 withkieg= nearest neighbors which was predicted to lead to faster motions
0.43. at the ends of the chain (see Figure’4This has been directly

Type Ill Loop Formation. Interior-to-interior loop formation ~ observed using NMR spirlattice relaxation measurements in
reactions (type Il loops, see Figure 1A) are most relevant during organic polymer&-34 and in unfolded protein®.3° Increased
protein folding. To probe the dynamics of type Ill loop chain flexibility at the ends implies that formation of intrachain
formation we synthesized different series of peptides with interactions is slower in the interior of a chain compared to the
extensions at both ends of the loop region (Table 1). To compareends of the chain. Our results show that intrachain loop
the dynamics of type Ill and type Il loops we chosean formation is slowed down by extending the chain beyond the
(Gly-Ser)-NAla loop sequence. The xanthone moiety was 100p region on either one side (type Il loops) or on both sides
attached to a diaminopropionic acid side chain at the N-terminal (type Il loops). Above a certain chain size the kinetics of type
end of the loop region. This allows the addition of amino acids !l loop formation become independent of chain dimensions. In
N-terminal from the loop regions in order to produce type llI this limit a 2.3-fold reduction irk; is observed. The limit is
loops (see Figure 1B). The C-terminal end of the loop was again reached when the overall chain dimensions are about 3 times
defined by a NAla residue. The C-terminal chain extensions larger than the dimensions of the loop region, independent of
were composed of (Ser-Glyjn = 2, 4, 6) or of (Thr-Gly-GIn- loop size and amino acid sequence. The effect of end extensions
Ala), sequences, whereas for the N-terminal extensions theis independent of the size and the type of the loops. The longest
sequences were inverted (series 9, 10 peptides). To comparénvestigated loops were shown to behave like Gaussian chins,
these peptides to a type | system, a reference peptide with thewhereas the shortest loops are similar in length or even shorter
same loop sequence but without extensions was produced. Due
to the attachment of the xanthone moiety to a side chain via an 8%3 iﬁgrchoén%',a/ig?ﬂgﬂqs%ﬁe?8%.2 Chorn. E#ﬁg)é?z 56, 3718-3720.
amide bond in this series of peptides the kinetics were slightly (33) Logan, T. M.; Theriault, Y.; Fesik, S. W. Mol. Biol. 1994 236, 637—
slower than those ir_] previously used tYpe I _SyStemS_With the (34) Itzzrlghk, M. K.; Clore, G. M.; Gronenborn, A. NProtein Sci.1995 4, 2605—
xanthone attached directly to the N-terminus via an amide bond. 2615.
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7 and the increased number of solvepeptide interactions in

100 --------mmmmmm oo ] type Il and type Il loops should increase thevalues. Figure
3 ; L3 * 7 shows that thg-values of the different type Il and type IlI
0.80 L a a i loops are independent of tail length and that identical overall

ASA results in differeng-values for short and long loop regions.
This result indicates that the additional peptid®lvent interac-
0.60F o ss . tions introduced by the tails have only minor contributions to
the kinetics of loop formation.

L We cannot exclude that the decreased rate constants for loop
1000 2000 3000 4000 formation in type Il and type Il loops contain contributions
ASA, (42) from st_er_i_c effects (_)f the a_dditional tails, which decrease the

chain accessibility of the interacting groups. However, the observed

Figure 7. Dependence of viscosity-dependence of the rate constants of difference in the effect of end extensions on the kinetics of
loop formation ) on the ASAnainin type Il loops with the loop sequences

Xan(Gly-Ser)NAla (®; series 3 and 4 peptides) aXdnSer-Ser-SeNAla formation of different loops (Figure 5A) argues against major
(O; series 5 and 6 peptides). In addition, the results for the type Il loop contributions from local steric effects. This is supported by the

with thhe 'Ooﬁﬁ;eqfe“C’éa”(hG'y'Selr)@'N}’*'ﬁ (?? Siriﬁs 9,10 Fl)zptides) observation that the limiting value for the effect of a type II
are snown. -values are the results of the fits of the original data to eq . . : .

7 and reflect the sensitivity of the loop formation reactions toward changes extension is reached fo'r rather long tails (Figure 3).
in solvent viscosity. Results from theoretical work proposed that the effect of

additional tails on the kinetics of loop Il formation is a function
than the persistence length of the chain. Despite these differentof chain stiffness and reaches a limiting value when the length
chain properties, the same effectv{m_zmgd onk. is observed  Ofthe end extensions is around 0.5 to 2 times the loop le¥igth.
for all loops (Figure 5B), which shows that only the chain Due to restrlc.tlons in chain length given by peptide synthesis
dimensions determine the internal polypeptide chain dynamics. We could not investigate whether a limit for the rate constants
Comparison of type Il and type 11l loops with identical loop ©f formation of type IIl loops exists. The longest synthesized
regions and with identical overall chain dimensions reveals that tYPe Ill chain consists of 35 amino acids with a calculated
extending the chain at both ends has a stronger effect on they/ [iEvalue of 43.0 A. This is similar to the size of the
kinetics of loop formation than extensions at only one end smallest known independently folding protein subdomains. We
(Figure 6). The rate constants for type Il loop formation also could not attach avidin to both ends of the chain, since this
scale with the overall chain dimensions, but the decrea&e in leads to cross-linking of the tetramers and to precipitation.

with increasingy/[F2Cis about 1.7 times larger for type I Our results allow an extrapolation of data obtained from type
loops. This is compatible with an increased flexibility toward !100ps to kinetics of formation of type Iil loops in longer chains.
the ends of a polypeptide chah3! which allows faster ~ The investigatedXan(Gly-Ser)-NAla loop located in the
formation of type Il loops, which have one flexible end (Figure interior of a typical 100 amino acid globular protein would form
4). These results indicate that local internal chain motions are about 10 times slower compared to end-to-end contact formation
strongly coupled to motions of other chain segments and imply in the same type | loop, if the extrapolations hold over the
that the internal flexibility at different positions along a complete range. If a limiting value would be reached at the same
polypeptide chain is the major origin for the differences in reduced loop sizey [°[Lg as observed for type Il loops, the
contact formation in type I, type Il, and type Il loops. kinetics would only be slowed down about 4-fold in larger
If the observed differences in the kinetics of loop formation proteins. Type Il loop formation was measured in GdmCl-
would contain major contributions from the additional ASA of unfolded Zn-cyt ¢ by electron transfer between a RugyH
the tails, a difference in the viscosity-dependence for the moiety attached to His33 and the Zn-porphyrine-coordinated
different types of loops would be expected. We therefore His-18 residué,which corresponds to arnl5 residue type Il

0.40

measured the effect of solvent viscosifyonk; for all peptides. loop. Electron transfer occurred with a rate constank.of
In all cases lod{) was linearly dependent on log and the 4.0 x 10° st in the presence of 5.4 M GdmCI. Using TTET
data could be fitted according to we measured a rate constant of (:9.1) x 107 s~ for end-
to-end contact formation in 18-residue fragments from carp
k = kg(ﬁ)_ﬂ @ parvalbumin’ If this rate constant is rescaled to the type IlI
Mo, limit and corrected for the effect of GAMCI on loop formatién,

a value of 2.0x 1(° s! is obtained, which is similar td
whererg is the reference solvent viscosity of water at 225 measured in unfolded cytochrome c.
(70=0.94 cP)kS is the rate constant of end-to-end diffusion at
70, Kc is the rate constant at a given viscosjfyand the exponent
S reflects the sensitivity of the reaction to solvent viscosity. A We compared the kinetics of end-to-end contact formation
p-value of 1 indicates thad; is inversely proportional to solvent  (type I loops) to the formation of end-to-interior (type Il loops)
viscosity, and g8-value of 0 indicates thad is independent of and interior-to-interior loops (type 1l loops) using triptdtiplet
solvent viscosity. For all peptides tifevalues are independent  energy transfer from xanthone to naphthylalanine. The results
of tail length and type of tails (Figure 7). For longer type | show that formation of type Il and type Ill loops compared to
loops B-values around 1 are obseryg&cand an additional type | loops of the same loop size and amino acid sequence is
increase due to the addition of the tail is not expected. However, slower until a limiting value is reached. The limiting regime is
for short loops the-values are significantly smaller than unity reached when the overall chain dimensions are about 3 times

Conclusions
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larger than the loop dimensions. For these chains loop formation (LKS.60) from Applied Photophysics. A Quantel Nd:YAG Brilliant

is about 2.5 times slower for type Il loops compared to type | laser (354.6 nm, 4 ns pulse width, 50 mJ) was used to selectively excite
loops. Formation of type Il loops is about 1.7 times slower the xanthone moiety. Transient absorbance traces were recorded at
than formation of type Il loops of the same loop sequence and 290 M for the xanthone and at 420 nm for the naphthalene triplet
overall chain dimensions. These results show that local chainPand- All measurements were performed at 226G For each
motions are strongly coupled to motions of other chain Segm(_:‘msexpenment at least four traces were recorded, averaged, and fitted to
and are faster at the chain ends than in the interior of the chain exponential functions. For all peptides loop formation was measured

| hat diff in the kineti £f . _'in water and in the presence of different concentrations of glycerol to
Our results suggest that differences in the kinetics of formation increase solvent viscosity. Measuring the viscosity-dependence of loop

of type I, Il, and Il loops are caused by differences in flexibility  tormation allows a more reliable determination kefin water when

at the different positions in a polypeptide chain (Figure 4). |oop formation is fast and allowed the determination of the viscosity-
Interactions of the whole chain with the solvent contribute to dependence df. according to eq. 7. For all peptideskg(was linearly
the kinetics of loop formation as indicated by their strong dependent on Iny). Peptide concentrations were-2000uM and were
viscosity-dependence. However, the increased number of pep-determined by UV-absorption at 343 nm using a molar extinction
tide—solvent interactions in type Il and type Il loops compared coefficient of 3900 M cm for xanthone. All solutions were degassed
to type | loops does not contribute significantly to the observed p_rior to measurements. Viscosities were determined by a falling ball
differences in the kinetics of loop formation for the different Viscosimeter (Haake, Germany).

types of loops. To test the effect of avidin on the xanthone triplet lifetime a donor-
) ) only control was synthesized with NAla replaced by phenylalanine
Experimental Section which is not able to quench xanthone tripléfShis peptide revealed

Peptide Synthesis, Modification, and Purification.All peptides that binding of avidin does not influence the lifetime of the xanthone

were synthesized using standard fluorenylmethoxycarbonyl (Fmoc) triplet state.

chemistry on an Applied Biosystems 433A peptide synthesizer as  Calculation of ASA. Accessible surface areas (ASAs) of the peptides
described before The naphthalene moiety was included via 1-naph- were calculated using the program MOLM®lusing a sphere of 1.4
thylalanine (NAla) by peptide synthesis. The xanthone derivative A diameter to probe the ASA.

9-oxoxanthen-2-carboxylic acid was prepared according to Graham and  Data Analysis. For data evaluation the ProFit and Matlab software
Lewis® and introduced on resin by PyBOP mediated coupling in DMF  packages were used.

to either the N-terminus or to the free amino group of @p-

diaminopropionic acid residue. The biotin labeled peptides were  Acknowledgment. We thank Annett Bachmann and Andreas
prepared with biotinylated Fmoc-lysine (Novabiochem) which was Reiner for comments on the manuscript, Florian Krieger for
introduced by standard peptide synthesis. All peptides were purified discussion, and Josef Wey for synthesis of 9-oxoxanthen-2-
to >95% purity by preparative HPLC on an RP-8 column. The purity - - hoyylic acid. This work was funded by a grant from the

of the peptides was checked by analytical HPLC, and the mass was . . .
determined by MALDI or ESI mass spectrometry. Avidin (Fluka Schweizerische Nationalfonds and from the Volkswagen Stiftung.

chemicals) was added to the purified peptide in buffered solution in JA0666396
slight excess.

Triplet —Triplet Energy Transfer Measurements. All measure- (35) Graham, R.; Lewis, J. R. Chem. Soc., Perkin Trans1D78 876-881.
ments were performed on a Laser Flash Photolysis Reaction Analyzer(36) Koradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graphics1996 14, 51-55.
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