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Abstract: Glycine and proline residues are frequently found in turn and loop structures of proteins and are
believed to play an important role during chain compaction early in folding. We investigated their effect on
the dynamics of intrachain loop formation in various unstructured polypeptide chains. Loop formation is
significantly slower around trans prolyl peptide bonds and faster around glycine residues compared to any
other amino acid. However, short loops are formed fastest around cis prolyl bonds with a time constant of
6 ns for end-to-end contact formation in a four-residue loop. Formation of short loops encounters activation
energies in the range of 15 to 30 kJ/mol. The altered dynamics around glycine and trans prolyl bonds can
be mainly ascribed to their effects on the activation energy. The fast dynamics around cis prolyl bonds, in
contrast, originate in a higher Arrhenius pre-exponential factor, which compensates for an increased
activation energy for loop formation compared to trans isomers. All-atom simulations of proline-containing
peptides indicate that the conformational space for cis prolyl isomers is largely restricted compared to
trans isomers. This leads to decreased average end-to-end distances and to a smaller loss in conformational
entropy upon loop formation in cis isomers. The results further show that glycine and proline residues only
influence formation of short loops containing between 2 and 10 residues, which is the typical loop size in
native proteins. Formation of larger loops is not affected by the presence of a single glycine or proline
residue.

Introduction early in folding, since it allows the polypeptide chain to explore

energetically favorable interactions and leads to chain compac-

elucidation of the protein folding process. Starting from an tion. Here we investigate the effect of glycyl and prolyl residues
ensemble of unfolded states a polypeptide chain has to form a®" mtrach;un contact formation in gnfolded polypeptide chains.
large number of specific noncovalent intramolecular interactions 1Nese residues frequently occur in turn and loop sequéfices
during folding. To understand the complete folding reaction at @nd may thus play an important role early in folding.

the molecular level it is essential to characterize the structural In recent years several experimental systems have been
and dynamic properties of the free energy landscape betweerapplied to obtain information on the time scale of loop formation
the unfolded and the native state. Of particular interest is the in polypeptides® 16 We have used triplettriplet energy transfer
ensemble of unfolded conformations as the starting point of the (TTET) from xanthone (Xan) to naphthylalanine (NAla) to
reaction. Several experimental techniques such as nucleardirectly measure the kinetics of intrachain contact formation in
magnetic resonance spectroscbpyand small-angle X-ray  polypeptide chain&57TTET from a triplet donor to a triplet
scatterin§=7 have been applied to analyze structural properties acceptor group involves transfer of two electrons (Dexter
of unfolded proteins. Less is known about the dynamics in mechanism) and requires van der Waals contact between the
unfolded polypeptide chains, which determine the formation of
interactions during the early stages of the folding process.
Especially the formation of loop and turn structures is important

A major field of study in biophysical chemistry is the
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Scheme 1. Schematic Representation of Triplet—Triplet Energy Transfer Measurements in Unfolded Polypeptide Chains
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two groups'® Formation of the xanthone triplet state and electron spectrometer. The cis content of the proline-containing peptides was
transfer between xanthone and naphthalene both occur on theletermined according to the method described by ReimerZt al.
1-2 ps time scalé® and the transfer process is diffusion- Viscosity Dependence.All measurements were carried out in
controlled’s17 TTET between xanthone and naphthalene thus 2deuous solutions. The viscosity was varied by addirg@sb (v/v)
allows measurements of absolute rate constants for diffusional9lYcerel (Aldrich). For all solutions, the solvent viscosity, was
processes slower than about 10 ps (Schem@®)n earlier ~ Teasured by using a falling sphere viscometer (Haake) a2 She

. . . viscosity dependencies of the rate constants for loop formation were
experiments the triplet donor gnd accep.tc?r groups were intro- analyzed using the empirical equation
duced near the ends of various repetitive sequences or of
fragments from natural proteidd517 This enabled us to k= k‘c’(i)ﬁ
determine the effects of chain length and amino acid sequence "o,
on the dynamics. Single-exponential kinetics on the nanoseconds _ _ _
time scale were observed for contact formation in all peptides. Whereke is the observed contact formation rate constaptis the
In host-guest studies on short peptides only small effects of reference viscosity (.Jf water at 225 (0.94 ¢P),K is the rate
the amino acid sequence on local chain dynamics were observedSonstant for ntrac ham contact fgrmanon e an_d the. exponenf

. . . . feflects the sensitivity of the reaction to solvent viscosity. fhalues

T_he_(_)nly excgptlons were Q'YC'“G ajnd proline, which show were independent of the cosolutes used to modify solvent viscosities.
significantly different dynamic&: Glycine showed faster rate e typically used water/glycerol solutions to modify solvent viscosity.
constants for contact formation than any other amino acid as However, identicalp-values were obtained for glycerol, glucose,
expected from its increased backbone ﬂEXIblhty due to the lack sucrose, and ethylene glycol, indicating a genuine effect of solvent
of a G-atom. The presence of a proline residue leads to more viscosity on the dynamics.
complex dynamics with a slow and a very fast process of contact Temperature DependenceThe rate constants measured at different
formation!® Here we investigate the molecular origins of the temperatures were corrected for the effect of temperature on water
effects of prolyl and glycyl residues on the kinetics of loop visgosity. Equation 2 was used to determine the viscosity corrected
formation. We show that the heterogeneity in the prolyl activation energiesi):
containing peptides can be assigned to dynamics of cis and trans o \# —E
Xaa-Pro isomers. Loops of varying length are used to assess kS(T) = kc('l')(—o) = Aexp( RTa) 2
the distance dependence of the effect exerted by a single glycine, 7(M)
cis proline, or trans proline residue. Measuring the temperaturewhereA is the Arrhenius pre-exponential factor at 22 (570 = 0.94
dependence of loop formation allows us to evaluate changes incP). Theps-values were taken from the viscosity dependencek.of
the entropy and enthalpy of activation caused by the different (eq 1; see Table 1). The viscosity of water at various temperatures was
residues. These results are compared to chain properties of théaken from ref 22.

@

various peptides derived from all-atom simulations. _Simula\_tions of Chai_n Conformations. All-atom simulations of )
oligopeptides were carried out using a hard-sphere model. Contact radii,
Materials and Methods bond lengths, and bond angles corresponded to the values described

by Rose and co-workef8. Atom contact radii were taken from
Hopfingef* and softened by multiplying with a factor of 0.95. Bond
lengths and angles were obtained from Engh and He#Ehe dihedral
anglew was fixed at 179.5for trans peptide bonds and &0.5° for

a cis prolyl peptide bond. For proline residues the dihedral apgle
was fixed at-60°.26 Peptide conformations were generated by randomly
varying the values of the backbone dihedral angleendy and the

9-Oxoxanthen-2-carboxylic acid (xanthone acid) synthesis and
peptide synthesis were carried out as described previéuBlyeudo-
proline (WPro) peptides were synthesized using a Fmoc-Val-
[WwMeMeser] building block (Novabiochem) on an acid sensitive
preloaded trityl resin (TentaGel S, Rapp Polymere) and trityl protecting
groups. Cleavage conditions were 1% (v/v) trifluoroacetic acid (Fluka)

in dichl th Fluka). All tid ified b ti
in dichloromethane (Fluka) peprces Were puriisc y preparaive side-chain dihedral anglg. of serine residues. Calculated peptide

HPLC. Purity and mass of the peptides were tested by analytical HPLC f i hecked for steri | ing the ab hard
and mass spectrometry, respectively. Laserflash experiments weretoniormations were checked for steric overlaps using the above hard-

performed as describéd!® At the end of the fast exponential decay sphere contact radii. Following Pappu et*bnly pairs of at_oms
corresponding to TTET through intrachain contact formation a small separgt_ed by at Iea_st four f:ovalent bonds were t_ested for steric clashes.
amount of xanthone triplets<{(L0%) remains in the triplet state. These In addition, N-terminal amide pr_otgn and _C-termlnal carbony_l oxygen
triplets decay on a much slower time scale with a rate corresponding atoms were not che_cked fpr steric m_teractlons. For each peptide at Ie_ast
to the intrinsic lifetime of xanthone triplets under the given conditions 107 valid conformations W't.hOUt steric overlaps were generated by this
(z > 20 us) and may be due to oligomeric structures which do not procedure. End-to-end distances reflect the distance between the
allow TTET5 NMR spectra were recorded on a Bruker ARX600 N-terminal amide nitrogen and the C-terminal carbonyl carbon atom.
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Table 1. Rate Constants and Activation Parameters for Intrachain Contact Formation in Various Peptides

klb Alc Eal d kzb Azr Eaza

sequence? (105574 (s (kJ/mol) Bie (108574 (s (kJ/mol) B % cis'’
SP 95+05 (1.7£0.8)x 109 18.3+1.2 —0.754+0.03 84+ 8 (27+£4.0)x 10> 429434 —-0.69+£0.04 15+1
SS 75+ 4 (5.1+£1.0)x 10°© 16.1+0.3 —0.83+0.03

SPS 20+ 1 (41+£1.8)x 100 18.8+1.2 —-0.75+0.02 12020 nd nd —0.77+£0.04 17+2
SSS 72t 8 (2.841.0)x 10°© 14.74+0.8 —0.86+0.06

SGS 120+ 10 (1.1+1.3)x 109 11.4+3.0 —0.83+0.03

VPS 95+1.0 (2.9+1.4)x 10° 20.0+1.2 -0.81+0.05 92+ 8 (1.6+£1.3)x 10 29.8+3.4 —-0.77+0.04 1642
V(PP)S 9.7+04 nd nd —0.80+ 0.05 98+ 5 nd nd —0.784£0.06 72+5
SSPS 28t 2 nd nd —0.83+0.04 150+20 nd nd —0.87+0.06 18+4
SVPS 16+ 1 nd nd —0.86+ 0.02 71+ 5 nd nd —0.96+0.04 18+2
SV(WP)S 15+ 1 nd nd —0.83+0.06 75+ 5 nd nd —0.984+0.03 78+ 6
SIPS 37+2 (2.44+0.7) x 10° 10.3+ 0.7 —0.93+£0.03

S 40+ 2 1.7+ 0.8) x 10° 9.2+1.0 —0.92+ 0.03

SIGS 48+ 3 (1.6+£0.8) x 1® 8.7+1.2 —0.934+0.02

aloop sequence, X, between the labels for TTET in peptides of the canonical sequence Xan-X-NAla-Sés-@hdk, are the rate constants of the
slower and the faster kinetic phase, respectively, at 2. water = 0.94 cP).c Arrhenius pre-exponential factor in water at 226 (y = 0.94 cP)
corrected for temperature effects on solvent viscosity according to @4r2henius activation energy corrected for temperature effects on solvent viscosity
according to eq 2. The apparent activation energies before viscosity correction can be calculated by-afldiriy (7) kJ/mol to the given value$g-
values reflect the sensitivity of the respective kinetic phase to solvent viscosity and were determined by fitting the viscosity dependenieecuistants
according to eq 1. The origin of the fractiongvalues will be discussed elsewhere (F.K. and T.K., in preparatidie cis content reflects the relative
amplitude of the fast kinetic phases. The values obtained from measurements at different viscosities were &lemgdédrmation in the cis isomer of
the SPS peptide was too fast to reliably determine activation energies.

Ramachandran maps for cis and trans prolyl isomers were calculated
for the central serine residue in Ser-Ser-Pro peptides described
above. Conformational free energies were calculated by dividing the
resulting Ramachandran maps into bins of 5 degrees. The number
of conformations per bin was used to calculate relative free energies

according to the Boltzmann equation. The most frequent conformation 0.06

2
was arbitrarily assigned a value of 0; all other free energies are relative <«
to that value. <004
The simulation program was written in ANSI C and compiled using
the Bloodshed Dev-€+ development environment (http://www.blood- 0.02
shed.net). Compiled programs were executed on IBM-compatible 3
computers running Windows. 0.00 . 1 . 1 . L . 1 .
0 2107 4107 6107 8107 1106
Results and Discussion "
= 4103 F T T T T T T T 3
Kinetics of Loop Formation in Short Proline- and Glycine- -g (3) _.-“%,..Mw‘!i“-nﬂv-'r“ﬁf‘mﬁw"Mv'r e gt dad
Containing Peptides.To investigate the effect of prolyl and g AL
0 2107 4107 6107 8107 1-106

glycyl residues on chain dynamics in more detail we measured
the kinetics of loop formation in hosguest peptides of the ]
structure Xan-(SepXaa-(Ser)-NAla-Ser-Gly withx,y = 0—7 4103E ) ) ) . ]
and Xaa= Gly, Ser, or Pro. Figure 1 compares TTET kinetics 0 2107 4107 6107 8107 1-10:6
in the Xan-SerSer-Ser-NAla-Ser-Gly peptide (SSS peptiéfe)
with Xan-SerPro-Ser-NAla-Ser-Gly (SPS peptide) and Xan-
SerGly-Ser-NAla-Ser-Gly (SGS peptide). These peptides serve

4103 F T T T T T T T T T

residuals
=)

residuals

0 2:107 4107 6107 8107 1-10-6

as good models for tight protein turns withi+3 interactions "
which frequently occur at the end @thairpins?® Intrachain E 4'10'3; TR A I
loop formation in the SSS and SGS peptides can be described § 4103k - AN ]

L 1 L 1 L
by single-exponential kinetics with rate constants of (t.6.1) 0 2107 4107 6107 8107 1-106
x 10’ st and (2.5+ 0.1) x 10" s7, respectively, in the
o e
presence_ of 5.2 /9 glycerol. Under the same COn(_jltlo_ns, double Figure 1. Effect of proline and glycine residues on the kinetics of loop
EXpo_nent'a}l kinetics are observed for loop formation in the SPS tormation in peptides of the sequence Xan-Ser-Xaa-Ser-NAla-Ser-Gly with
peptide with rate constants of (4% 0.2) x 1° s and Xaa= Ser, Gly, or Pro.
(2.7 £ 0.3) x 10" s7! and respective amplitudes of 80 5% tides. Si the faster kinetic ph fth i tid
and 20+ 5%. The faster kinetic phase in the SPS peptides is pepti tes._ ince the as elr t_lnell_c F; ?‘Steh of the profine If;eptlh N
slightly faster than loop formation in the SGS peptide, whereas In water |stnear € res_o; |ont I'mltho € measur(?men S, the
the slower phase is the slowest reaction observed in the thregcXPENMENts were carried out in the presence of increasing
amounts of glycerol between 0% and 70% to slow chain

(27) Schimmel, P. R.; Flory, P. J. Mol. Biol. 1968 34, 105-120. dynamics due to increased solvent viscosity. The experiments
(28) The peptides are abbreviated using one letter codes for the amino acid i i i

sequence (X) between the xanthone (Xan) and the naphthylalanine (NAla) on _the water/glycerol mixtures aHOV\{ a more reliable dEterm_l

labels. The peptides have the general sequence Xan-X-NAla-Ser-Gly. Thus, Nation of the rate constant and amplitude of the fastest reaction

an SPS peptide denotes the peptide sequence Xan-Ser-Pro-Ser-NAIa—Servia extrapolation to pure water (Figure 2A). The rate constants

Gly. . . . .
(29) Sibanda, B. L.; Thornton, J. MNature 1985 316, 170-174. for loop formation in the SPS peptide in water at 22&5are

Time (sec)
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T 7 T should be observable if they have different dynamics. However,
A ok ] also rotation around the-angle of proline was shown to be
108 oky A slow with a rotation barrier around 60 kJ/n8IThis might give
] rise to the observed heterogeneity in the kinetics of loop
formation in prolyl-containing peptides. To discriminate between
cis/trans isomers of Xaa-Pro bonds and slow rotation around
107 __ the proliney-angle as the molecular origin for the complex
3 dynamics, we investigated the effect of the cis content on the
kinetics of loop formation. Pseudo-prolin@Pro) is known to
increase the cis content of a Val-Pro peptide bond to about 80%
due to steric effects induced by the methyl groups in the trans

k (sh

106 1 T EE— conformatior?234 We introducedWPro into two different
n (cP) peptides of the sequence Xan-ViHPro-Ser-NAla-Ser-Gly
(VWPS-peptideA) and Xan-Ser-VaWPro-Ser-NAla-Ser-Gly
100 T ——— (SVWPS-peptide) and compared the resulting kinetics of loop
. B 1 formation to the kinetics of the corresponding proline-containing
goB--------- -I?-;-ll-—;—!----i--_ peptides VPS (peptidB) and SVPS.
g 60- HO HO
3 r oA T 0 0 o} u © u ©
= r oA | | N JN<\)LN N N N\)I\OH
& 4op 4 . Ho oz H Ho L
< I | WYPro ‘ A
205 _________ _Q§§_§_QQ__§_Q____.Q_-:
0 1 1

1 10 50

HO, HO,
o] ] o a 9 a 9
N N N
e Y
Figure 2. Viscosity dependence of the rate constants (A) and their 0 °© P o o
’ SO

respective amplitudes (B) for the kinetics of loop formation in a Xan-Ser-
Pro-Ser-NAla-Ser-Gly peptide at 22°€. Glycerol was used as cosolute
to adjust solvent viscosity. The dashed lines in part B indicate the average
amplitudes.

— . ) Both WPro-containing peptides show double exponential
(2.0+ 0.1) x 10" st and (1.24 0.2) x 10°s* (see Figure  yinetics of contact formation with significantly increased
2A and Table 1). 50_r1the SSS and SGS pe?tlldes rate constants, mslitude of the faster reaction (76980%) compared to the
of (7.2 0.8) x 10"s *and (1.2+ 0.1) x 10°s™, respectively,  ¢orresponding prolyl-containing peptides (Figure 3A and Table

were determined (Table 1). Glycerol has no effect on the 1) Thjs shows that the faster reaction corresponds to the
amplitudes of the two kinetic phases. The average amp“tUdedenamics of peptides with a cis isomer and is not caused by
for the faster and slower process measured at various glycerolgq rotation around the proling-angle.

concentrations are 17:82.2% and 83.Gk 2.2%, respectively Temperature Dependence of Loop Formationinformation
(Figure 2B). o on the origin of the faster dynamics in chains with cis prolyl

A likely origin for the double exponential kinetics in the SPS  jsomers was obtained from the temperature dependence of loop
peptide are djfferent dynamics in cig and trans isomers of the tormation in the Xan-Val-Pro-Ser-NAla-Ser-Pro peptide (VPS
Ser-Pro peptide bond. Xaa-Pro peptide bonds populate a largéyeptide). Fitting the data to the Arrhenius equation yielded
fraction of cis isomer due to the cyclic structure of the prolyl apparent activation energies of 43t22.0 kJ/mol for the cis
moiety. Studies on model peptides showed that the cis contentigomer and 35.9- 1.2 kJ/mol for the trans isomer. Since the
depends on the preceding amino acid and varies between 7%ynamics were shown to be sensitive to solvent viscosity (Figure
and 38%?2! in contrast to about 0.15%0.5% cis isomer at ) the rate constants measured at different temperatures had to
nonprolyl peptide bond¥. The observed 17% fast phase in the e corrected for contributions from the effect of temperature
loop closure dynamics in the SPS peptide essentially reflects o \yater viscosity to obtain the actual activation energies. Since,
the cis-trans ratio at the Ser-Pro peptide bond in the SPS e kinetics of loop formation do not correlate withy bt show
peptide, which has a cis content of 362% as determined by fr4ctional viscosity dependencids€1/(;)%; see eq 1 and Table
1D *H NMR spectroscopy (data not shown). Sincedi®ns 1) \ve used eq 2 to determine viscosity-corrected activation
isomerization is slow (khp ~20 s at 22.5°C)"*1%2 no energies. The resulting activation energigs) (were 29.8+
equilibration between the two isomers occurs on the time scale 3.4 and 20.0t 1.2 kd/mol for loop formation in peptides with
of the TTET experiments. Thus loop formation in both isomers 5 cis and a trans Val-Pro peptide bond, respectively (Figure

3B, Table 1). The results further revealed largely different

(30) Scherer, G.; Kramer, M. L.; Schutkowski, M.; Reimer, U.; Fischer).G.
Am. Chem. Socdl998 120, 5568-5574.

(31) Brandts, J. F.; Halvorson, H. R.; Brennan,Bibchemistryl975 14, 4953— (33) Nagaraj, R.; Venkatachalapathi, Y. V.; Balaram/|R. J. Pept. Protein
4963. Res.198Q 16, 291-298.

(32) Keller, M.; Sager, C.; Dumy, P.; Schutkowski, M.; Fischer, G. S.; Mutter, (34) Dumy, P.; Keller, M.; D. E., R.; Rohwedder, B.; Wohr, T.; Mutter, 3.
M. J. Am. Chem. S0d.998 120, 2714-2720. Am. Chem. Sod997 119 918-925.
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T T T T T —TTTTT
A poly (GS)
0.12 - poly S
Gly
1 108 | 3
— 8VPS F cisPro 1
50,08 — SV(¥P)S ~— trans Pro 7
< ] B
0.04 i i*:g
0w L ] 107} ;
0 1-10-7 2107 3107
2 001 . . . . 1
S 0.00 [ aprhanpmer At Wi g gty 100
£ .0.01L : - : - : ] .
0 1107 2107 3107 number of peptide bonds (N)
= 0.01 ~ . : . . . Figure 4. Effect of a single proline or glycine residue on the rate constant
é 0.00L N of loop formation in peptides of varying length compared to polyserine
- I W mopplipt A "] and poly(glycine-serine) peptides. Data for polyserine and poly(Gly-Ser)
=-001L : ' = ' > ; > * 4 were taken from ref 15. The lines describe the loop size dependence of
0 110 . 10 310 intrachain loop formation in the polyserine and poly(glycine-serine) series
Time (sec) as described in ref 15.
Ll ' I v 1 v 1
B glycine decreases the activation energy for loop formation
108 compared to serine- and proline-containing peptides (Table 1).
£ A likely origin of this effect is the lower rotation barrier around
- C the ¢, v angles in glycine. This accelerates loop formation
o:;, [ @ trans 1 despite a decreased pre-exponential factor, which can be

explained by increased conformational space around glycyl
residues (Table 1).

Linear Arrhenius plots were observed for all peptides, which
shows that loop formation is not associated with significant
P S SR SR & changes in heat capacithC, ~ 0). This argues against major
32103 33103 34103 35103 36103 changes in solvation during the rate-limiting motions for loop

1T (1/K) formation. The results on the dynamics in the different proline-
Figure 3. (A) Kinetics of intrachain contact formation in Xan-Vlaa- containing peptides further reveal that the amino acid preceding

Ser-NAla-Ser-Gly peptides with Xaa WPro (peptideA) or Pro (peptide the prolyl residue significantly influences the dynamics of both
B). (B) Temperature dependence of intrachain contact formation in cis and the cis and the trans isomer. In all short peptides Val-Pro bonds

trans isomers of the Xan-Val-Pro-Ser-NAla-Ser-Gly peptide. A fit to the exhihijt about 2-fold slower loop formation kinetics compared
Arrhenius equation (eq 2).g|v_es wsc_osny-corrected activation energies and to Ser-Pro bonds (Table 1). This indicates steric effects on loop
pre-exponential factors?] indicated in Table 1. ) ) > ’ .

formation imposed by the amino acid preceding the prolyl
Arrhenius pre-exponential factor8)(of (1.6+ 1.3) x 101351 residue. Interestingly, the bulki&Pro residue gives virtually
and (2.9+ 1.4) x 109 s71 for loop formation in the cis and ~ the same rate constant for loop formation as Pro in all peptides.
trans isomer, respectively. Obviously, the fast loop formation  Effect of Loop Size.The results show that proline and glycine
of the cis isomer is the result of a significantly higher residues strongly influence the kinetics of formation of short
pre-exponential factor despite a higher activation energy loops. To test whether these effects are also observed over longer
compared to the trans peptide bonds. This indicates favorabledistances we measured loop formation in peptides containing a
entropic contributions to the rate constant for loop closure in single prolyl or glycyl residue at a central position and varied
the cis isomer. A significantly higher activation energy of the loop size. Figure 4 compares the kinetics of loop formation
42.9 £ 3.4 kd/mol and a higher pre-exponential factor of in peptides of the sequence Xan-(Setpa-(Ser)-NAla-Ser-
(2.74 4) x 105 st are found for the cis isomer in the shorter Gly (Xaa = Gly or Pro, x,y = 0—7) with the results from
Xan-Ser-Pro-NAla-Ser-Gly peptide (SP peptide; Table 1), polyserine and poly(glycine-serine) loops. The effect of a central
whereas the activation parameters for dynamics in the transprolyl and glycyl residue decreases with increasing loop size.
isomer of this peptide are similar to the respective values in A glycyl residue has no effect on loop formation if the sites of
the trans isomer of the VPS peptide (Table 1). For all proline- contact formation are further than five amino acids from both
containing peptides the pre-exponential factors for the loop sides of the glycin. Peptides with>11 (N = number of peptide
closure dynamics in the trans Pro isomers are similar to the bonds between the two sites of contact formation) show the
values in polyserine peptides of similar length, whereas the same rate constants for contact formation as polyserine chains
activation energies in the polyserine peptides are significantly of the same length (Figure 4). A more complex behavior is
lower (Table 1). This indicates that the presence of a trans prolyl observed for prolyl residues. Only fary < 2 the dynamics of
isomer mainly influences the height of the energy barrier for peptides with cis and trans isomers can be resolved, suggesting
loop formation but not the entropic contributions. The activation that the dynamics of two isomers are similar in longer peptides
parameters for loop formation in the SGS peptide reveal that (Figure 4). In short peptides the cis isomer always shows faster
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Figure 5. Ramachandran maps for the serine residue in either the cis or the trans Ser-Pro peptide bond in Ser-Ser-Pro peptides. The contour levels denote
free energies of 0.5, 1, 2, an#tel. The crosses indicate the conformation of lowest free energy.

loop formation than the trans isomer, irrespective of whether bonds in protein structures, which revealed that also in native
donor and acceptor are separated by an even or an unevemroteins the conformational space of cis peptide bonds is
number of peptide bonds (Figure 4 and Table 1). Formation of significantly restricted compared to trans peptide botid3ur
short loops becomes faster with increasing loop size in chains calculations further revealed that a central cis Ser-Pro peptide
with cis Pro isomers and the rate constant reaches a maximumyond leads to a distance distribution function that is significantly

of ke = 1.5 x 10° .571 for N=5, i.e., if two amino acids are  shifted to shorter end-to-end distances compared to a trans bond
located on both sides of the cis prolyl bond. The rate constant;, g peptides (Figure 6). This is consistent with faster rate

for loop formation in peptides with trans prolyl isomers also constants for intrachain contact formation in chains with a cis

anrigases Wr;? mmcr;aa:]smg c(j:hr?lr;;?ngthfunul a :Oopr?rllzeeigin tpeptide bond due to a smaller average distance between the sites
esidues a aiches dynamics of a polysenne chain al: ., iact formation. However, the relative difference in end-

N = 11. Formation of single proline-containing loops with . . . .
o . - . to-end distance between cis and trans isomers is small for longer
N = 11 behave similar to polyserine chains and show decreasing

rate constants with increasing loop size (Figure 4). These resultsCha'ns’ which might explalr_l thg inability to resplve bqth Kinetic
show that single glycine and proline residues affect chain Phases for contact formation in longer peptides (Figure 6A).
dynamics only very locally and do not influence formation of 'N€S€ results show that a single cis Xaa-Pro peptide bond
loops if the contact sites are further than five amino acids on Significantly influences the available conformational space of
either side of the glycyl or prolyl residue. a polypeptide chain and leads to reduced chain dimensions. This
Effect of Cis and Trans Prolyl Peptide Bonds on Chain is compatible with earlier calculations on palygroline), which
Dimensions The temperature dependence of the loop closure @lso showed that the presence of a small fraction of cis prolyl
reaction showed that the faster dynamics in cis prolyl isomers isomers drastically reduces the chain dimensfn&.similar
are due to a significantly increased pre-exponential factor behavior was observed for stereoirregular vinyl polyrffeasd
compared to trans isomers indicating entropically favored loop in stereoirregular 1,4-polybutadiene and 1,4-polyisopféne,
formation in cis isomers. A likely origin of this effect are where the presence of a small fraction of stereoirregularity
differences in the equilibrium properties of chains containing significantly reduces chain dimension.
cis or trans isomers. This prompted us to evaluate the sterically

allowed conformations fo_r the ”.‘Ode' polypeptide c_halns. Using end distances found for cis Xaa-Pro peptide bonds explain the
all-atom Monte Carlo simulations of conformational space

introduced by Rose and co-work& we calculated the higher pre-exponential factor for loop closure reactions due to
probability distribution of end-to-end distances for different a.smalller loss of conformational gntropy. Thg results fr.om.the
chains containing either cis or trans Ser-Pro isomers and simulations are further compatible with higher activation
compared the results to the dimensions of polyserine chains. In€N€rgies for chain motions in cis isomers due to increased
these calculations all bond lengths, bond angles, and peptideParriers for bond rotation caused by steric clashes during bond
bond torsion anglesy, were held at the values given by Pappu rotations on a restricted conformational space (Figure 6B). The
et al2? Sterically allowedg,;y pairs were evaluated for each ~simulations also show that trans prolyl isomers have similar
amino acid, and the resulting allowed regions in ¢he space chain dimensions as the corresponding serine-conatinaing pep-
were used to generate energetically favorable conformations fortides, which is in agreement with virtually identical pre-
each peptid@3 The results show that the energetically favorable exponential factors for loop formation for these peptides.
conformational space of a cis prolyl isomer in a Ser-Pro bond

is drastically reduced compared to the trans isomer (Figure 5). (36) Jabs, A.; Weiss, M. S.; Hilgenfeld, B. Mol. Biol. 1999 286, 291—304.

This is in aareement with an analvsis of nonprolyl ci i (37) Tanaka, S.; Scheraga, H. Macromoleculed975 8, 623-631.
s Is in agreement with an analysis of nonprolyl cis peptide (38) Flory, P. JStatistical Mechanics of Chain Moleculdsanser Publishers:
)

The restricted conformational space and the shorter end-to-

Munich, 1969.
(35) Fitzkee, N. C.; Rose, G. DProtein Sci.2004 13, 633-639. (39) Tanaka, S.; Nakajima, Aolym. J.1972 3, 600-506.
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Figure 6. (A) Normalized end-to-end distance distribution in cis and trans prolyl isomers in various peptides compared to polyserine peptides of the same
length (B) Representative structures (10) of cis and trans prolyl isomers of;@@eBes peptide. The structures are overlaid with respect to identical
orientation of the central prolyl residue. The structures are displayed using the program MO:MOL.

Our results show that the rate constants for formation of these
loops during protein folding can be modulated by a factor of
10 by the presence of either glycine/cis proline or trans proline,
which might help to direct the folding polypeptide chain to
productive folding routes. The significantly different dynamic
and conformational properties of loops containing cis and trans

heiaht. Th . . ffactis ob dorl ; _ prolyl peptide bonds may further be important for the function
eight. The most interesting effect is observed for loop formation ¢ prolines as molecular switches in regulation of cellular

around cis prolyl bonds, which show the fastest kinetics of all processes.
sequences despite an increased activation energy. The fast loop
formation around cis prolyl isomers is due to largely restricted
conformational space and shorter end-to-end distances compare

to trans isomers which results in a drastically increased pre- . . . . .
manuscript, and Beat Fierz for discussions. This work was

exponehtlal factor for Ipop form:anon. A single prolyl or glycyl funded by a grant from the Schweizerischen Nationalfonds
residue influences chain dynamics only locally and has no effect( NF)

on formation of loops longer than 11 residues. The most
abundant loop and turn structures in natural proteins have JA042798I
. . i 0 :
average sizes o610 re3|due5c(>_loop§)‘ gnd Of_z_ 7 re3|dugs (40) Leszcynski, J. F.; Rose, G. Beiencel 986 234, 849-855.
(B-hairpin loops}® and are especially rich in proline and glycine. (41) Koradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graphics1996 14, 51-55.

Conclusions

Glycine and proline residues have a major influence on the
kinetics of loop formation in proteins. Glycine accelerates loop
formation by decreasing the activation energy, whereas trans
prolyl bonds slow loop formation by increasing the barrier

Acknowledgment. We thank Gerd Scherer for recording
MR spectra, Thiery Mini and Paul Jefar mass spectroscopy,
Annett Bachmann and Andreas Reiner for comments on the

3352 J. AM. CHEM. SOC. = VOL. 127, NO. 10, 2005



