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ABSTRACT. Peptidyl-prolyl cis/trans isomerization is a slow conformational interconversion in the
polypeptide backbone that is frequently rate-limiting in refolding of proteins and is thought to play a role

in cellular restructuring of proteins. In order to probe the influence of positively charged amino acids
located in sequence segments adjacent to proline, the rotational barriers of Arg-Pro- and His-Pro-containing
peptides were determined by isomer-specific proteolysis and dynamic NMR spectroscopy for Suc-Ala-
His-Pro-Phe-NH-Np, Ac-Ala-Arg-Pro-Ala-Lys-N§l Ac-Ala-His-Pro-Ala-Lys-NH, angiotensin I, thy-
rotropin-releasing hormone (TRH), and [His(3-M@RH in aqueous solution. In contrast to the
guanidinium group of arginine, the protonated side chain of histidine preceding proline led to an acceleration
of the prolyl isomerization up to 10-fold relative to the unprotonated state. Both arginine and histidine
residues succeeding proline in an amino acid sequence proved to be ineffective. Under basic and acidic
conditions the kinetic solvent deuterium isotope effé€¥g/k22 for angiotensin 11l were 1.6 0.1 and

2.0+ 0.1, respectively. The results are interpreted in terms of intramolecular general acid catalysis of
prolyl bond rotation by the imidazolium group that is without precedent in intermolecular catalysis.

Cis/transisomerization of peptidyl-prolyl bondss a slow Molecular; 9). Denatured proteins resemble unstructured
conformational change that is characterized by relaxation oligopeptides with regard to prolyl isomerization. A high
times of about 10 s at 37TC for unstructured peptide chains fraction oftransisomers can be assumed for the unstructured
(1, 2). It interconverts conformers of polypeptide chains polypeptide chain of native proteins containioig prolyl
being quite different in the spatial organization around the bonds. This population, in turn, may cause a large fraction
proline residue in a switchlike mann&)( In many cellular of refolding molecules to persist in nonnative folding
events the observed ratio ofs andtransisomers does not  intermediates. Thus, subsequent to the fast formation of
transiently correspond to the thermodynamic equilibrium secondary structure and hydrophobic collapse, the particularly
under the actual conditions but reflects the former chemical slow trans to cis isomerization must take place.
environment of the peptide chain. Therefore, lag phases in
reactions sensitive to the spatial organization of polypeptide
chains will occur that may have consequences in biological
processes. Isomer-specific proteolysis provides an exampl
in which way prolyl isomerizatichmay affect recognition o ) L
processes of bioactive compouridsgitro as well asn vivo In cellulo rate-limiting prolyl isomerization may be
(3,4). Furthermore, the comparable fractions of the prolyl &voided by catalysis by peptidyl-prolgis/transisomerases
bond isomers often lead to slow kinetic phases in refolding (PPlases)(3, 11-13). These enzymes represent catalysts
of denatured proteins because of the high rotational barrier ©f Prolyl isomerization in oligopeptides and partially folded
(5-8). Fast-folding molecules have all structurally important Proteins with acceleration factors ef1(” (14).
prolyl bonds in the native conformation since the functional Numerous examples exist demonstrating that proteins
state of a protein frequently possesses conformationalcontaining proline residues can refold within a few seconds
homogeneity for a given prolyl bond. in vitro despite the possible slow conformational changes

There is a considerable propensity &is prolyl bonds in ~ during refolding {5, 16).
the native state of proteins that is documented for 70 out of
205 prollne-(_:ontamlng proteins of a nonredundant database > pppreviations: Ac, acetyb, chemical shift; BTP, Bis-Tris-propane
of 214 protein structures (lditis V.3.1, Database 76, Oxford buffer; DHFR, dihydrofolate reductase; DIEA,N-diisopropylethyl-
amine; DMAP, ,N-dimethylamino)pyridine; EXSY, two-dimensional
exchange nuclear magnetic resonance spectroscopy; Fmoc, 9-fluore-
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the Boehringer Ingelheim Stiftung. ke—t, peptidyl-prolylcisto transisomerization rate; KSIE, kinetic solvent
* Corresponding author: Fax49 345 551 1972; Phone49 345 isotope effect; MBHA, 4-methylbenzhydrylamine; NH-Npnitroa-
55 22801; E-mail fischer@cis.biochemtech.uni-halle.de. nilide; NMP, N-methylpyrrolidone; NMR, nuclear magnetic resonance

® Abstract published if\dvance ACS Abstract©ctober 15, 1997. spectroscopy; NOESY, nuclear Overhauser effect spectroscopy; PPlase,

1 The term prolyl isomerization is used throughout the paper for the peptidyl-prolyl cis/trans isomerase; Suc, succinyl; TBTU, 2H1
cis/transisomerization of the peptide bond preceding proline in an benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate; TRH,
amino acid sequence. Similarly, the term prolyl bond is synonymous thyrotropin-releasing hormone; TSP, sodium 3-trimethylsilylpropionate-
with the peptide bond preceding proline. 2,2,3,3d,.

S0006-2960(97)01391-3 CCC: $14.00 © 1997 American Chemical Society



Intramolecular Assistance of Prolyl Isomerization Biochemistry, Vol. 36, No. 45, 199713803

Table 1: Sequences of the Peptides Used 25,7 mm, LiChrosqrb RP8) ar_ld aqetonitfﬂwater mixt_ures
Oligopeptides containing 0.05% trifluoroacetic acid (v/v). The peptide was
Suc-Ala-Phe-Pro-His-NH-Np analyzed by electrospray mass spectroscopy and capillary
Suc-Ala-His-Pro-Phe-NH-Np electrophoresis. Suc-Ala-His-Pro-Phe-NH-Np, Suc-Ala-Phe-
Suc-Ala-Phe-Pro-Lys-NH-Np Pro-His-NH-Np, Suc-Ala-Gly-Pro-Phe-NH-Np, TRHGlu-
Suc-Ala-Lys-Pro-Phe-NH-Np His-Pro-NH,), [His(3-MePTRH (<Glu-His(3-Me)-Pro-
Ac-Ala-His-Pro-Ala-Lys-NH NH,), and angiotensin 11l (H-Arg-Val-Tyr-lle-His-Pro-Phe-
H-Arg-VaI-Tyr-IIe-HIi:;fgtrIg-eP}r—:g-rggnes angiotensin Il OH) were all available from Bachem. The protease subilisin
<Glu-His-Pro-Nb TRH Car!sberg was purch_ased from Sigma (_St. Louis, MO),_ and
<Glu-His(3-Me)-Pro-NH His(3-Me@]TRH bovine a-chymotrypsin was from Boehringer (Mannheim,
Germany).

Regardless of the possible insensitivity of the folding probe
to prolyl isomerization, a structure-based acceleration of the

isomerization also may be responsible for the lack of slow  protease Coupled AssayThe coupled assay according
refolding phases. Interactions specific to a certain spatial yo Fischer et al.{1) was used to determine the rate constants
organization of the polypeptide chain of folding intermediates of prolyl isomerization for the peptides Suc-Ala-His-Pro-
may either destabilize isomeric ground states or stabilize Phe-NH-Np and Suc-Ala-Phe-Pro-His-NH-Np. A 35 mM
transition states, thus leading to enhanced prolyl isomeriza-potassium citrate buffer was used as solvent for the pH range
tion rates {7, 18). Prediction of structure-based enhance- petween pH 3.5 and 5.7. The samples were diluted in 35
ment of prolyl isomerization from the amino acid sequence mpm BTP buffer for measurements from pH 4 to 9.5. An
is not yet possible. appropriate buffer solution was prepared for each pH. A
A more general effect on prolyl isomerization could arise 50 4M substrate stock solution was prepared by dissolving
from catalysis by functional groups within the polypeptide the peptides in BD. Measurements were performed with
chain. Specific acid catalysis was found for proline- suptilisin Carlsberg as helper protease at acidic pH below
containing peptides and model compounds but will not affect pH 6. o-Chymotrypsin was used above pH 5. A HP 8652
prolyl isomerization rates under physiological conditions spectrophotometer with thermostated cell holder was used
(19-21). for kinetic measurements. The temperature was probed
Recently, intramolecular catalysis of prolyl isomerization within the cell and kept at 10.@= 0.1 °C. Buffer and
by an anilide NH group ofN-acetylproline anilides was protease stock solution (final volume 1.25 mL) were
inferred indirectly from comparison with proline esters in  equilibrated for 10 min. The measurements were started by
nonpolar solvents2Q). adding 50uL of substrate stock solution. A total of 1200
The aim of this work is to determine whether there is an data points were collected for each kinetic run. Sampling
influence of positively charged amino acid residues histidine the data started after 2B0 s, when the initial rapid cleavage
and arginine, located at neighboring sequence positions toof thetransisomer was finished. Data were fitted to a first-
proline, on prolyl isomerization. Reliable data about the order rate equation. The same method was used with small
effect of side-chain protonation on isomerization rates were modifications for the measurement of prolyl isomerization
generated by analyzing pH-dependent rate constants forrates of Suc-Ala-Gly-Pro-Phe-NH-Np in the presence of
various -His-Pro- moieties. In our experiments, dipeptide imidazole. The buffer was 35 mM HEPES. The sample
units covering potential side-chain protonation sites were contained different concentrations of imidazole from 0 mM
located in model peptides as well as in angiotensin Ill, to a maximum concentration of 1.2 M. The ionic strength
thyrotropin-releasing hormone (TRH), and a modified TRH was kept constantly by adding appropriate amounts of KCI.
([His(3-MeF]TRH) (see Table 1). All measurements were performed at pH 6.1. The helper
In the peptides investigated, the side-chain protonated protease was subtilisin Carlsberg.

histidine preceding proline gives the unique possibility of ~ NMR Experiments.All NMR experiments were carried
catalyzing prolyl isomerization by intramolecular general acid gyt on a Bruker ARX 500 NMR spectrometer with proton
catalysis. resonance frequency at 500.13 MHz. Temperature calibra-
tion was performed using an 866 thermometer (Keithley).
EXPERIMENTAL PROCEDURES All samples were referenced to TSP. Samples containéd 5
mg of peptide dissolved in a;/D,0O mixture (10:1). pH
values were measured using a combination pH electrode
Ac-Ala-His-Pro-Ala-Lys-NH was synthesized by a step- (Hamilton). The pD values of D solutions were calculated
wise solid-phase procedure using Fmoc chemistry. For theusing the relationship pB- (meter reading} 0.4 23). A
synthesis a Rink amide MBHA resin (substitution 0.52 mmol/ set of 1D spectra was recorded in a serial file in pH jump
g) from Novabiochem was used. The acetylation was experiments after a fast alteration of pH. The pH jump was
performed using acetic anhydride/DMAP/DIEA (10:5:10) in initiated by adding small amounts of KOD/KOH and DCI/
NMP. The Fmoc-amino acid derivatives (5 equiv) were HCI (all 1:10) to the sample, respectively. The time between
coupled on the resin with HOBt/TBTU/DIEA (5:5:12.5) and the single 1D spectra was 61.6 s. Data were gained by
the Fmoc cleavage was performed with 20% pyridine in integration and/or deconvolution ofs andtrans signals in
NMP. The peptide was cleaved from the resin with 95% each 1D spectrum. Signals of the aromatic protons of the
trifluoroacetic acid, precipitated with diethyl ether, and dried His residue as well as the Alg-CH proton signal were
in vacuo. The resulting white powder was purified by used for investigation. These data were transferred to a PC
reversed-phase HPLC using a NucleosijloBlumn (250x and final evaluation was performed with the program

Methods

Materials
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Table 2: Rate Constantg; of Prolyl Isomerization of Peptides b .o
under Basic and Acidic Conditiofis 5 (A) 47 ] (B)
ke  acceleration w 4 ° <, 12 ¢

compouné pH T(°C) 1072(s™ factort Y - % .

SUC-AHPF-NH-Np <55 100 14 2.0 . - F 107 .
75-9.5  10.0 0.7 o “ < e .
Suc-AFPH-NH-Np 5.6-7.8 10.0 0.7 1 4 . X2 °.
Suc-AFPK-NH-N 7.0 10.0 0.6 0 R 6 N ¢ : b : * :
igCAAHP;PAi%T_l;m <;g 128 82 6.3 34567809101 345678910M
8.0-13.00 4.0 0.08 pH pH

Ac-AKPAK-NH® 4.0 4.0 0.2 Ficure 1. pH dependence of prolyl isomerization rates for Ac-
Ac-ARPAK-NH,® 4.0 4.0 0.2 Ala-His-Pro-Ala-Lys-NH (A) and Suc-Ala-His-Pro-Phe-NH-Np
angiotensin ¥ 35 481 480 9.6 (B). (A) Prolyl isomerization rates measured for the time course

_ ) 11.0 48.1 50 of isomerization byH NMR after a pH jump in 20 mM potassium
angiotensin Il 3.5 481 257 5.1 phosphate buffer at 4C, initiated by addition of small amounts of

_ ) 11.0 48.1 50 KOH and HCI, respectively. The method is limited to rate constants
angiotensin ¥ 35 48.1 524 smaller than 5¢< 103 sL. Therefore, measurements below pH 6.5
TRH® 4.5 48.1 34 2.1 were not performed. (B) Rate constants of prolyl isomerization

. o 8.7 48.1 16 determined by isomer-specific proteolysis at°@in 35 mM Bis-
[His(3-Mef]TRH ‘7"-3 22'1 ﬁ 3.5 Tris-propane buffer®) and in 35 mM potassium citrate buffd).
a Acceleration factors were calculated by dividing the rate constants 7 | PPM

measured under acidic and basic conditidr@ne-letter code is used AT | 34
for amino acids® Measured in HO. ¢ Several pH values were inves- @ AL .
tigated in the given pH rangéMeasured in HO/D,O (10:1).f Mea- é o)
sured in BO. ’ L 36

SigmaPlot (Jandel Corp.). The data were fitted to a first-

order rate law. R I P
2D NOESY (EXSY) experiments were acquired with the : . :
following parameters: spectral width 5050 Hz in both 38 3.6 3.4

dimensions, 1632 transients, 512 time increments with 4048 _ pem _ _

. : . . .. spectrum of angiotensin Il in 20 mM potassium phosphate, pH
Shifted sine bell squared weight functions were applied in 3.5, at 48.7°C. The mixing time was 400 ms. The exchange peaks

both dimensions and data were zero-filled to a final size of 4re surrounded by dashed boxes. The cross peaks drawn by dashed
4K x 4K. All resolved exchange peak/diagonal peak sets lines are antiphase NOE signals.

were used for integration and evaluation of prolyl isomer-

ization rate constants. An error up to 15% resulted from resolved exchange peak pairs were analyzed in the experi-
the comparison of the gained rate constants evaluated eithements to verify the kinetic results obtained from the spectra.
from the same spectrum or from different spectra recorded For comparison of the peptides at different pH values we
under the same conditions with different mixing times, used the data calculated from the integrals of bothdP@H,
respectively. Determination of prolyl igomerizatip_n rates was exchange and diagonal peaks in the appropriate spectrum.
dhone byhth(;atr)‘nethod descr:bed by Ba'ﬁi)( Adg_monallyr,] Additionally, we measured the complete pH dependence
the method by Jeener et al. was usegdepending on the of isomerization rates by pH jump experiments for the

existence of _Well-resolved and nonoverlapping signals for pentapeptide (Figure 1A). This technique utilizes the pH-
cis andtrans isomers. dependent change in tloés content of the peptides. In these
Similar measurements were carried out for angiotensin Ill pen 9 ¥ bep '
experiments a time-dependent set of HDNMR spectra of

in D,O and HO as solvents to estimate the kinetic solvent th id ded sub tt i OH
deuterium isotope effect. In the case of measurements in € peptide was recorded subsequent 1o a rapid pH jump.

H,0 we used BO as external lock substance in a spherical The data recorded contain the complete information with
container immersed in the sample. respect to the isomerization kinetics due to slow equilibration

of the prolyl isomers. These measurements were limited to
RESULTS a pH range shortly below thep value of the histidine due

o to a rapid isomerization under more acidic conditions.
Isomerization Rates.The pH dependence of the rate . o ) ) i

constants for the prolyl isomerization of several peptides Al peptides containing His-Pro depicted in Table 2 show
(Table 1) containing the -His-Pro- moiety was determined &N increase in rate constants of prolyl isomerization on going
by different methods (Table 2). Isomer-specific proteolysis from basic to acidic pH values independent of the peptide
was used in the case of the chromogenic peptide Suc-Ala-concentration in the range from 0.8 to 10 mM. TRH and
His-Pro-Phe-NH-Np (Figure 1B). We obtained the isomer- Suc-Ala-His-Pro-Phe-NH-Np show doubling of the rate
ization rates of angiotensin lll, TRH, [His(3-M&)RH, and constants. A 3.5-fold increase is observed for [His(34e)
Ac-Ala-His-Pro-Ala-Lys-NH at different temperatures by ~ TRH, whereas the increase in Ac-Ala-His-Pro-Ala-Lys-NH
evaluating EXSY spectra. Two different pH values were and angiotensin Il is even higher (Table 2). We measured
used to ensure either the fully protonated or deprotonatedthe prolyl isomerization of Ac-Ala-His-Pro-Ala-Lys-NHand
histidine side chain. All EXSY spectra showed well-resolved Suc-Ala-His-Pro-Phe-NH-Np at various pH values using both
exchange peaks for the PdeCH, resonance (Figure 2). All  the NMR-coupled pH jump technique and isomer-specific
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Table 3: Cis Content and K, Values of the Imidazole Ring of the
Histidine Preceding Proline of Peptides in®D,O (10:1) 14
cis content (%) IS b > 04 UB%
compound pH3 pH 10 trans cis _jo .

Suc-AHPF-NH-Np 8.0 15.3 6.9 6.4 =

Ac-AHPAK-NH; 9.5 16.5 6.6 6.3 2

angiotensin Il 5.2 17.5 6.6 6.1 3

TRH 12.2 17.5 6.5 6.3 30 3'1 3'2 3'3 3'4

[His(3-Me¥ TRH 115 17.5 6.3 6.2 ST ee e e

, 10%T (K

aOne-letter code is used for amino aciflgK ! value calculated ) ( _) o ) ]

from the chemical shiftd) of the aromatic ring protons of His fais Ficure 3: Arrhenius plot of the prolyl isomerization of angiotensin

D,0 at pH 3.50) and pH 11 ©), and in HO at pH 3.5 ¢) using
1H EXSY spectroscopy.
NMR spectra were identical for angiotensin Il in® and
D,0O for the same protonation state of the peptide. 0D
a pKdHsl of 7.1 was determined, whereas thi sl was
6.6 in 10% deuterated aqueous solution (Table 3). This
difference of iKJ"s! values is in good agreement with values
calculated from a relationship for weak acids in(band
H,0 (26). Kinetic measurements were performed at pH/pD
3.5 and 11 where protonation/deuteration of the imidazole
side chain of histidine was 100% and 0%, respectively. The
measurements were carried out at several temperatures to
construct an Arrhenius plot (Figure 3). In the limits of error
the slope of the Arrhenius plots is identical for all solvents
used but depends on the protonation state. The activation
energies are 98 14 kImol™! in basic solution and 103
15 kImol* for angiotensin Ill completely protonated at basic
sites. The calculation of solvent deuterium isotope effect
‘gives a value of 1.@& 0.1 for the unprotonated peptide. We
calculated an isotope effect of 2400.1 comparing the prolyl
isomerization rates of angiotensin Il at acidic pH in@
and HO. This value was proven by the,8/D,O (10:1)
sample leading to a small retardation of the isomerization
(KO = 1.1+ 0.2).

The plots in Figure 3 show that the solvent deuterium
isotope effect originates from molecular effects expressed
in the preexponential factor of the Arrhenius equation.

proteolysis to obtain a full titration profile for the rate
constants. We obtained curves with inflection points at pH
6.6 and 6.2 that are comparable to the side-ch&igH
values obtained from 1D NMR measurements (Figure 1 and
Table 3).

We measured the influence of pH on the prolyl isomer-
ization rate of Suc-Ala-Phe-Pro-His-NH-Np by isomer-
specific proteolysis to reveal the positional effect of the
histidine. No influence of the pH value on the kinetics of
prolyl isomerization was observed. The rate constant was
(6.84 0.2) x 102 stin a pH range between 5.6 and 7.8
at 10°C.

In order to compare this behavior with that of peptides
containing other charged residues flanking proline we used
Ac-Ala-Xaa-Pro-Ala-Lys-NH, with protonated Arg and Lys
preceding proline. The rate constakts; are moderately
slow for these peptides (Table 2). For an uncharged peptide
as exemplified by Xaa= Ala, the rate constari. .. = 3.2
x 1072 s7 was even higher (Reimer et al., unpublished
experiments). Similarly, prolyl isomerization rates of Suc-
Ala-Phe-Pro-Lys-NH-NpK.— = 6.1 x 103 s™*) and Suc-
Ala-Lys-Pro-Phe-NH-NpK.—; = 5.5 x 1072 s7?) give no
evidence for an interaction of the charged lysine side chain
with the imide bond at pH 7.0 and I'C.

An experiment was performed to determine whether
externally added imidazole in its protonated state can mimic
f[he catalytic role of the side _chain pf histidine by an DISCUSSION
intermolecular attack. Prolyl isomerization rates were
determined for Suc-Ala-Gly-Pro-Phe-NH-Np by isomer-  We addressed the question whether a sequence pattern
specific proteolysis in the presence of imidazole up to a total could exist around proline, providing a chemical machinery
concentration of 1.2 M. This corresponds to a concentration for an intramolecularly accelerated prolyl isomerization in
of 0.6 M protonated imidazole at pH 6.1. All rate constants aqueous solution. The resulting increase in rate for acquiring
were independent of the amount of imidazole added and werea native state of a polypeptide would be both sequence-

found to have an average value lkef. = (5.3 + 0.2) x specific and independent of the action of PPlases or a specific
103st, environment (membranes). The latter factors are known for
pKa values of the imidazole side chain of histidiné<ghs!) enhancing the rate of prolyl isomerization intermolecularly

were calculated focis and trans prolyl isomers from the (11, 27). Usually, prolyl isomerization has been found to
pH dependence of the ring proton chemical shifts (Table 3). be independent of pH within a range of pH& in buffered

All pKJHsl values were in the range between 6 and 7 as solution (). This finding clearly indicates the lack of acid/
expected for this side chain. We observed an isomer-specificbase catalysis functional for this type of reaction under
difference up to 0.55 pH unit in favor of a more basians physiological conditions. The observed solvent deuterium
isomer. isotope effect ok2<)/k>% = 1.07 provides further evidence
The cis content of the peptides was calculated from the for the absence of a proton movement in approaching the

peak area of theis andtranssignals of the aromatic protons transition state of prolyl isomerizatior2§).

of histidine. An increase of theis content induced by pH Despite these facts we observed an increase in the rate of
changes from acidic to basic pH was observed for all peptidesprolyl isomerization for various oligopeptides containing the
examined (Table 3). -His-Pro- moiety (Table 1) when going from basic to acidic
Solent Deuterium Isotope Effectd he rate constants of  pH values (Table 2). Since the rate effects do not depend
prolyl isomerization in RO, a mixed solvent of KD/D,O on peptide concentration, intramolecular assistance becomes

(10:1), and HO were measured for angiotensin Ill. The 1D obvious.
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The rate enhancement varied in dependence on the
oligopeptide sequence, from a 2-fold acceleration for TRH
and Suc-Ala-His-Pro-Phe-NH-Np up to 10-fold for angio-
tensin lll. The rate effect was always coupled with proto-
nation of the imidazole side chain of the histidine, because
the pH profile of the rate constants showed an inflection point
between 6.0 and 7.0 (Figure 1). These results coincide with
the K, values measured for the imidazole group'blyNMR
spectroscopy (Table 3). The hydrogen ion concentration
triggers the prolyl isomerization of -His-Pro- moieties due
to protonation/deprotonation of the imidazole ring, either by
localizing a positive charge adjacent to the rotating bond or
by providing an intramolecular hydrogen-bonding facility to

His Wi’ro

stabilize the transition state. Ficure4: Schematic drawing of the His-Pro moiety. The proposed

: : : : . : : interaction between a nitrogen-linked proton of the imidazole ring
Among the amino acids with protonation sites in the side of histidine and the imide nitrogen of the proline residue is displayed

chain, only protonated histidine seems to fit the spatial 55 3 broken line.
requirements for the interaction with the rotating prolyl bond.
This was shown for peptides with arginine and lysine mined KSIE. However, this is only applicable to linear
flanking proline (Table 2). Also, there is no influence of transition states. Bent transition states are likely to be
pH on the isomerization rates when the histidine residue is important for intramolecular reactions. In such transition
succeeding proline. Using Suc-Ala-Phe-Pro-His-NH-Np, this states the vibration of the proton (deuteron) largely cancels
result was proven to be indicative of a strictly positional the contribution of the zero point energg6j. For that
determinant for a catalytic histidine side chain (Table 2). reason a decrease of the KSIE and a strong influence of
We evaluated whether there is an intermolecular equivalentactivation entropy is observed. In the Arrhenius plot (Figure
of the intramolecular assistance by histidine by measuring 3) this effect is indicated by different preexponential factors
the prolyl isomerization in the presence of very high in isotopic solvents at pH 3.5. Figure 4 shows the possible
concentrations of imidazolium buffer. We could not obtain hydrogen-bond-mediated cyclic transition state of the in-
any increase in the prolyl isomerization rate for Suc-Ala- tramolecular catalysis.
Gly-Pro-Phe-NH-Np up to a concentration of 0.6 M proto-  Early reports demonstrated the possibility of a specific acid
nated imidazole. Therefore, we estimated an effective catalysis for the prolyl isomerization in strongly acidic media
molarity>> 10> mol-I~* for the protonated histidine side chain  below pH 1 (9, 37—39). General acid catalysis of prolyl
of angiotensin Il at 10°C. isomerization was suggested for a secondary amide 2@0 (
We determined the kinetic solvent deuterium isotope effect 40). The formation of an intramolecular hydrogen bond
(KSIE) on the prolyl isomerization of angiotensin Il to between the anilide NH and either the imide nitrogen or the
distinguish between general acid catalysis and electrophilic N-acetyl carbonyl oxygen in chloroform was reported for
assistance by the suitably arranged imidazolium moiety. N-acetylproline anilides, increasing the isomerization rate up
Conclusions can be drawn whether there is a proton “in to 188-fold @2).
flight” along the reaction coordinate of the assisted prolyl However, both types of catalysis were observed under
isomerization comparing the KSIEs of the unprotonated and entirely nonnative conditions. Now we were able to show
the side-chain protonated peptid2d(30). Obviously, the an intramolecular acceleration of prolyl isomerization by
lack of a KSIE for the prolyl isomerization in the unproto- general acid catalysis in aqueous solution at physiological
nated state of histidine in angiotensin Il is in accordance pH values.
with available data relating to other uncharged residues in  There are two special examples where electrophilic as-
this position 28). However, the KSIE of 2.0 at pH 3.5 has sistance by an amino acid side chain has been discussed as
a magnitude typically of primary isotope effects. Such a mechanism of acceleration of prolyl isomerization under
effects are indicative of protons directly involved in the native conditions. In crystal structures of cyclophilin with
formation of a transition state3(). bound substrate molecules, interactions of the guanidine
Thus, we suppose an intramolecular general acid catalysisgroup of arginine with the imide nitrogen of the proline in
by an interaction between a proton attached to an imidazolesubstrates are eviden#, 42). The importance of this
nitrogen of His and the imide nitrogen of the succeeding interaction has been proven by site-directed mutagenesis,
Pro (Figure 4). Inverse isotope effects would be observed because the R55A mutant of the enzyme seems to have no
in the case of a specific acid catalysi®?). Indeed, the activity (43). However, the essential nature of this arginine
interaction of a proton with the lone pair of the imide nitrogen has been questioned recently by reinvestigation of the R55A
will be effective in lowering the rotational barrier of the Cypl18 variant $6).
prolyl bond @33). Due to imide twisting, the I§, value of Moreover, site-directed mutagenesis implied intramolecu-
the imide nitrogen increases while progressing along the lar assistance by Arg44 in the isomerization of Pro66 in
isomerization path. Thelq can be estimated as 7461.0 native dihydrofolate reductase (DHFR) fragscherichia coli
for the transition state by applying the Taft equation for the due to proximal positioning of both residues, as could be
pKa values of N-substituted prolinesKp= 10.06— 1.550" inferred from the rate constants of the refolding of urea-
(34, 35). Since the K, of the imidazole of histidine is 6.6  denatured enzyme variants. A chemical catalysis was
for thetransand 6.1 for thecisisomer, a slightly asymmetric  suggested since the crystal structure of ligand-free DHFR
proton position in the transition state is inferred, in ac- revealed hydrogen bonding of the guanidinium group of
cordance with the magnitude of the experimentally deter- Arg44 with the imide nitrogen and the carbonyl oxygen of
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Pro66. The experiments did not permit calculation of
acceleration factors and general acid catalysis could not be

amino acid residues is large in the amino acid sequence.
Therefore, catalysis is a consequence of the specific fold of
the protein.

These accelerations of prolyl isomerization require a
special three-dimensional structure and a spatial proximity
of the interacting atoms. In contrast, the acceleration effect
due to the -His-Pro- moiety is not coupled to any secondary
or tertiary structural requirements but only determined by
the primary structure. Under the agueous conditions used
in our experiments the formation of the catalytic hydrogen
bond must be compromised by competition with water
molecules. Structured polypeptides may overcome this
limitation by excluding water from the isomerizing group.
Thus, the -His-Pro- moiety in proteins is supposed to
isomerize at rates even much higher than could be found in
this study.

Long-term persisting folding intermediates may cause
misfolding, degradation, misprocessing, and aggregation of
proteins. Due to the slow prolyl isomerization, which is
uncoupled in rate from most other structural interconversions
of polypeptides, nativeis prolyl bonds of proteins represent
a major determinant of late intermediatdg-{46). Evolu-
tion provided an arsenal of folding helpers as chaperones
and peptidyl-prolylcis/trans isomerases to minimize ac-
cumulation of misfolded specied?, 10).

Does -His-Pro- play a general role as a fast conformational
switch in proteins? Despite its unique chemical properties,
histidine occurs quite rarely in proteins. In the proteins
translated from open reading frames in the genomes of six
microbial organisms, histidine occurs with a frequency
between 1.4% and 2.2% of all amino acidé8{53).
However, histidine covers a position preceding proline with
higher propensity than expected from its overall frequency

5.
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Schmid, F. X., Mayr, L. M., Mdke, M., and Schabrunner,

E. R. (1993)Adv. Protein Chem. 4425—66.

Fischer, G., Bang, H., and Mech, C. (198#med. Biochim.
Acta 43 1101-1111.

Schmid, F. X. (1993Annu. Re. Biophys. Biomol. Struct. 22
123-143.

Galat, A., and Metcalfe, S. M. (199Prog. Biophys. Mol.
Biol. 63, 67—118.
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T. (1995)Biochemistry 3413594-13602.
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Plaxco, K. W., Spitzfaden, C., Campbell, I. D., and Dobson,
C. M. (1996)Proc. Natl. Acad. Sci. U.S.A. 930703-10706.
Cook, K. H., Schmid, F. X., and Baldwin, R. L. (197joc.
Natl. Acad. Sci. U.S.A. 7®6157-6161.
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C. R. (1992)Biochemistry 315687-5691.
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Challis, B. C., and Challis, J. A. (1979) Mitrogen Com-
pounds, Carboxylic Acids, Phosphorous Compoupd®57
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Martin, R. B. (1972)). Chem. Soc., Chem. Commurf3—
794.

Cox, C., Young, V. G., Jr., and Lectka, T. (1997Am. Chem.
Soc. 1192307-2308.

Glasoe, P. K., and Long, F. A. (196D)Phys. Chem. 64632—
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25. Jeener, J., Meier, B. H., Bachmann, P., and Ernst, R. R. (1979)
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throughout the sequences in all genomes investigated. Only 28 Harrison. R. K. and Stein. R. L (199@jochemistry 29

the -Thr-Pro- motif shows the same occurrence. This latter
motif is found in repeating sequences typical of proteins that
modify DNA structures §4) and plays an important role as
a target for proline-specific phosphorylatio®5]. The
relation of the -His-Pro- moiety to such an important
sequence motif might point to a special function that is
possibly exemplified by its unique dynamic behavior.

ACKNOWLEDGMENT
We thank Gerd Scherer and Angelika Schierhorn for their

29.

30.

31.

32.

assistance in NMR measurements and mass spectroscopy.33-

We also thank Mario Jakob, Mario Drewello, Thomas Marx,
and Michael Spinka for their help with ISP measurements,
peptide synthesis, programming, and all the fruitful discus-
sions. Finally, we thank Ralph Golbik for critical reading of

the manuscript.

REFERENCES

1. Stein, R. L. (1993Adv. Protein Chem. 441—24.

2. Grathwohl, C., and Wthrich, K. (1981) Biopolymers 20
2623-2633.

3. Fischer, G. (1994Angew. Chem., Int. Ed. Engl. 33415~
1436.

4. Merker, M. P., and Dawson, C. A. (199Bjochem. Pharma-
col. 50 2085-2091.

J. Chem. Phys. 714546-4568.

Laughton, P. M., and Robertson, R. E. (1969)Siolute-
Sobent InteractiongCoetzee, J. F., and Ritchie, C. D., Eds.)
pp. 400-538, Dekker, New York.

Kramer, M., and Fischer, G. (199Bjopolymers 4249-60.

1684-1689.

Schowen, K. B. J. (1978) ifransition States of Biochemical
ProcessegGandour, R. D., and Schowen, R. L., Eds.) pp.
228-232, Plenum Press, New York.

Thornton, E. K., and Thornton, E. R. (1970)sotope Effects
in Chemical ReactiongCollins, C. J., and Bowman, N. S.,
Eds.) pp. 213286, Van Nostrand Reinhold, New York.
Klinman, J. P. (1978) ifransition States of Biochemical
ProcessegGandour, R. D., and Schowen, R. L., Eds.) pp.
165-175, Plenum Press, New York.

Salomaa, P., Schaleger, L. L., and Long, F. A. (1963m.
Chem. Soc. 861—7.

Fischer, S., Dunbrack, R. L., and Karplus, M. (1994Am.
Chem. Soc. 11611931-11937.

34. Fastrez, J. (19770. Am. Chem. Soc. 99004-7013.

35.
36.

Taft, R. W., Jr. (1956) isteric Effects in Organic Chemistry
(Newman, M. S., Ed.) Chapter 13, Wiley, New York.
O’Ferrall, M. (1970)J. Chem. Soc. B785-790.

37. Berger, A., Loewenstein, A., and Meiboom, S. (1959m.

38.
39.
40.
41.

42.

Chem. Soc. §162—67.

Steinberg, I. Z., Harrington, W. F., Berger, A., Sela, M., and
Katchalski, E. (1960). Am. Chem. Soc. 83263-5279.
Schmid, F. X., and Baldwin, R. L. (1978yoc. Natl. Acad.
Sci. U.S.A. 754764-4768.

Fischer, S., Michnick, S., and Karplus, M. (1988 chemistry
32, 13830-13837.

Zhao, Y. D., and Ke, H. M. (199@iochemistry 357356~
7361.

Zhao, Y. D., Chen, Y. Q., Schutkowski, M., Fischer, G., and
Ke, H. M. (1997)Structure 5 139-146.



13808 Biochemistry, Vol. 36, No. 45, 1997

43. Zydowski, L. D., Etzkorn, F. A., Chang, H. Y., Ferguson, S.

B., Stolz, L. A., Ho, S. I., and Walsh, C. T. (199PYotein
Sci. 1, 1092-1099.

44. Jaenicke, R. (198Brog. Biophys. Mol. Biol49, 117-237.
45. Steinmann, B., Bruckner, P., and Superti-Furga, A. (1991)

Biol. Chem. 2661299-1303.

46. Kim, D., and Yu, M. H., (1996Biochem. Biophys. Res.

Commun. 226378-384.

47. Hartl, F. U., Hlodan, R., and Langer, T. (199%)ends

Biochem. Sci. 1920-25.

48. Mewes, H. W., Albermann, K., 'Ba, M., Frishman, D.,

Gleissner, A., Hani, J., Heumann, K., Kleine, K., Maierl, A.,
Oliver, S. G., Pfeiffer, F., and Zollner, A. (1997) Overview
of the yeast genoméyature 387(Suppl. 6632), #65.

49. Kaneko, T., Sato, S., Kotani, H., Tanaka, A., Asamizu, E.,

Nakamura, Y., Miyajima, N., Hirosawa, M., Sugiura, M.,
Sasamoto, S., Kimura, T., Hosouchi, T., Matsuno, A., Muraki,
A., Nakazaki, N., Naruo, K., Okumura, S., Shimpo, S.,
Takeuchi, C., Wada, T., Watanabe, A., Yamada, M., Yasuda,
M., and Tabata, S. (199@®)NA Res. 3109-136.

50. Himmelreich, R., Hilbert, H., Plagens, H., Pirkl, E., Li, B. C.,

and Herrmann, R. (199®&ucleic Acids Res. 241420-4449.

51. Bult, C. J., White, O., Olsen, G. J., Zhou, L. X., Fleischmann,

R. D., Sutton, G. G., Blake, J. A., Fitzgerald, L. M., Clayton,
R. A., Gocayne, J. D., Kerlavage, A. R., Dougherty, B. A.,
Tomb, J. F., Adams, M. D., Reich, C. I., Overbeek, R.,

52.

53.

54.

55.

56

Reimer et al.

Kirkness, E. F., Weinstock, K. G., Merrick, J. M., Glodek,
A., Scott, J. L., Geoghagen, N. S. M., Weidman, J. F.,
Fuhrmann, J. L., Nguyen, D., and Venter, J. C. (1996gnce
273 1058-1073.

Fraser, C. M., Gocayne, J. D., White, O., Adams, M. D.,
Clayton, R. A., Fleischmann, R. D., Bult, C. J., Kerlavage, A.
R., Sutton, G., Kelley, J. M., Fritchman, J. L., Weidman, J.
F., Small, K. V., Sandusky, M., Fuhrmann, J., Nguyen, D.,
Utterback, T. R., Saudek, D. M., Phillips, C. A., Merrick, J.
M., Tomb, J. F., Dougherty, B. A., Bott, K. F., Hu, P. C., and
Lucier, T. S. (1995)Science 270397—-403.

Fleischmann, R. D., Adams, M. D., White, O., Clayton, R.
A., Kirkness, E. F., Kerlavage, A. R., Bult, C. J., Tomb, J. F.,
Dougherty, B. A., Merrick, J. M., Mckenney, K., Sutton, G.,
Fitzhugh, W., Fields, C., Gocayne, J. D., Scott, J., Shirley,
R., Liu, L. I., Glodek, A., Kelley, J. M., Weidman, J. F.,
Phillips, C. A., Spriggs, T., Hedblom, E., Cotton, M. D., and
Venter, J. C. (19955cience 269496-512.

Xu, X., Cooper, L. G., DiMario, P. J., and Nelson, J. W. (1995)
Biopolymers 3593—102.

Davis, R. J. (1994]rends Biochem. Sci. 19470-473.

. Scholz, C., Schindler, T., Dulinski, K., Heitman, J., and

Schmid, F. X. (1997FEBS Lett. 41469-73.
BI9713916



