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Abstract: The presence of serine/threonine—proline motifs in proteins provides a conformational switching
mechanism of the backbone through the cis/trans isomerization of the peptidyl—prolyl (w) bond. The
reversible phosphorylation of the serine/threonine modulates this switching in regulatory proteins to alter
signaling and transcription. However, the mechanism is not well understood. This is partly because cis/
trans isomerization is a very slow process and, hence, difficult to study. We have used our accelerated
molecular dynamics method to study the cis/trans proline isomerization, preferred backbone conformation
of a serine—proline motif, and the effects of phosphorylation of the serine residue. We demonstrate that,
unlike normal molecular dynamics, the accelerated molecular dynamics allows for the system to escape
very easily from the trans isomer to cis isomer, and vice versa. Moreover, for both the unphosphorylated
and phosphorylated peptides, the statistical thermodynamic properties are recaptured, and the results are
consistent with experimental values. Isomerization of the proline @ bond is shown to be asymmetric and
strongly dependent on the 3 backbone angle before and after phosphorylation. The rates of escape decrease
after phosphorylation. Also, the a-helical backbone conformation is more favored after phosphorylation.
This accelerated molecular dynamics approach provides a general approach for enhancing the confor-
mational transitions of molecular systems without having prior knowledge of the location of the minima and
barriers on the potential-energy landscape.

Introduction Therefore, an urgent question in computational chemistry and
biology is how can barrier crossing events be facilitated using
a simulation method, like molecular dynamics (MD), while
maintaining (or possibly later capturing) the statistical thermo-
dynamic properties of the system? Several methods have been
“developed to address this problem, including conformational

Complex systems are often characterized by rough and
complicated energy landscapeSuch features can yield com-
plicated dynamics evolving over long time scales. The occur-
rences of large displacements and transitions over high free
energy barriers typica_lly have small probabil_ities_. Though rare, flooding# replica exchang® self-guided MD® targeted MDY
such events are often important compared with higher frequency mbrella sampling,locally enhanced samplirfgaigh-temper-
fluctuations. There are many examples of such cases in chemicagture MD10 multic:';monical method! leap dyn,amicéz and
arld biological systems, including the.switching of states of others reviewed by Berne and Strdﬁkia-lowever some (;f these
bistable systems or.system§ with multlplg (meta)stgble Statl':‘S’approaches require prior knowledge of the potential-energy
such as one sees in protein conformanonallch'a’r"ngest;hf'e landscape of the system. Also, some involve increasing the
regulation of cellular components. However, while itis re_latlvely temperature of the system, thus overestimating the entropic part
easy fo study dyr_1am|cs on short_tlme scales (typ|cal_ly at of the free energy by facilitating transitions that might not be
nanoseconds to microseconds for biomolecules) using SImUIa'observed at low temperature. In addition, some other methods
tions? it is painful to extend the e molecular dynamics ) ’

. . . . - involve joint roaches that combin veral other techniques.
simulations to the long time scales that are often of biological Olve Joint approaches ombine several other techniques
interest (often as long as microseconds to seconds for biomo-

I | t (4) Grubmuller, H.Phys. Re. E 1995 52, 2893-2906.
ecular systems). (5) Sugita, Y.; Okamoto, YChem. Phys. Let200Q 329, 261—270.

(6) Wu, X. W.; Wang, S. MJ. Chem. Phys1999 110 9401-9410.
(7) Schlitter, J.; Engels, M.; Kruger, P.; Jacoby, E.; WollmerMal. Simul.

T Department of Chemistry and Biochemistry. 1993 10, 291—-308.
* Department of Pharmacology. (8) Torrie, G. M.; Valleau, J. PJ. Comput. Phys1977, 23, 187—199.
(1) Wales, D. JEnergy Landscape€ambridge University Press: Cambridge, (9) Elber, R.; Karplus, MJ. Am. Chem. S0d.99Q 112 9161-9175.
2003. (10) Bruccoleri, R. E.; Karplus, MBiopolymers199Q 29, 1847-1862.
(2) Frauenfelder, H.; Sligar, S. G.; Wolynes, P.Sgiencel991, 254, 1598~ (11) Bhattacharya, K. K.; Sethna, J. Phys. Re. A 1998 57, 2553-2562.
1603. (12) Kleinjung, J.; Bayley, P.; Fraternali, FEBS Lett.200Q 470, 257—262.
(3) Karplus, M.; McCammon, J. ANat. Struct. Biol.2002 9, 646-652. (13) Berne, B. J.; Straub, J. Eurr. Opin. Struct. Biol.1997, 7, 181—-189.
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Figure 1. Ace-TpSPI-Nme motif with the peptidylprolyl (w) angle
depicted in the trans conformation.

V(r)

r

Figure 2. Schematic representation of the normal potential, the modified
potential, and the threshold boost energy,

long (around 16-1C° s, corresponding to a barrier height of

Alternatively, we have introduced an all-atom molecular 15—20 kcal/mol), as was previously measufééi*!This makes

dynamics technique that avoids some of these shortcomings andProline isomerization difficult to study even experimentally,

can accelerate simulations such that rare events can be observe@SPecially when the conformational statistics of a single
repetitively, and at the same time, recovers the Boltzmann molecule are under consideration. Therefore, many researchers

canonical distributiot of the systems. The underlying principle
of our method is based on earlier work by Vétéf and other
subsequent studié:2! It can accelerate the simulatiowithout

have tended to pick proteins that do not have the complications
of cis/trans proline isomerization when studying protein dynam-
ics. However, this slow process is biologically imporamats it

tuning the force-field parameters or requiring prior knowledge S involved in regulatory pathways. While such processes are
of the locations of the potential-energy basins and transition difficult to study experimentally, they are almost impossible to

paths.

observe in realistic time frames with the traditional all-atom

To show the strength and robustness of this simulation Simulation techniques. We demonstrate that our accelerated MD
technique, we have used it to study proline cis/trans isomer- method can simulate the barrier crossing transition with ease,

ization of the peptidytprolyl (w) bond? of the serine-proline
motif (Figure 1) and the effect of phosphorylatféron this
isomerizatiof*?® and the backbone conformation. The local

and that this method is not limited by system size or solvation
model. Therefore, it opens the door to the simulations of the
long-time dynamics of complex systems with atomistic details.

backbone switching of proline motifs due to the cis/trans Theoretical Considerations and Methods

isomerization of thew bond can be the rate-limiting step in
protein folding?%-2” Furthermore, phosphorylation of the serine

or threonine regulates important processes in many proteins.

The discovery of the enzyme peptieiprolyl cis/trans isomerase

We begin, by reviewing the basis of accelerated MD, to set the stage
for several elaborations. If we consider a potential functidn),
represented (solid line) in Figure 2, the average ti(ng spent in a
small subdomain at is proportional to the Boltzmann probability of

(Pinl1), which specifically binds and catalyzes the isomerization being atr, that is,e ™. Therefore, if a modified potential(r) is

of phosphorylated serine/threoningroline motifs?® has further

defined (dashed line, Figure 2) such th4t) < V*(r), the average

increased the biological significance of these motifs. The time t*(r) spent in the small subdomain af(r) should also be

peptidyprolyl cis/trans isomerase enzyme has been shown to proportional to the Boltzmann facta,#(D. Hence, the average time
regulate the conformation and function of some phosphorylated spent in wells of*(r) will be less than that spent in corresponding

proteins involved in cell mitost8 and Alzheimer’s diseas®.

wells of V(r), thus allowing the system to escape to other potential-

The time scale of a single isomerization event is notoriously energy wells in fewer computational steps by modifying the potential

(14) Hamelberg, D.; Mongan, J.; McCammon, JJAChem. Phys2004 120,
11919-11929.

(15) Voter, A. F.Phys. Re. Lett. 1997 78, 3908-3911.
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(17) Gong, X. G.; Wilkins, J. WPhys. Re. B 1999 59, 54—57.

(18) Pal, S.; Fichthorn, K. AChem. Eng. J1999 74, 77—83.

(19) Rahman, J. A.; Tully, J. Gl. Chem. Phys2002 116, 8750-8760.

(20) Steiner, M. M.; Genilloud, P. A.; Wilkins, J. WRhys. Re. B 1998 57,
10236-10239.

(21) Wang, J. C.; Pal, S.; Fichthorn, K. Rhys. Re. B 2001, 6308.

(22) Stewart, D. E.; Sarkar, A.; Wampler, J. E.Mol. Biol. 1990 214, 253~
260.

(23) Shen, T. Y.; Wong, C. F.; McCammon, J. A. Am. Chem. So2001
123 91079111.

(24) Reimer, U.; Scherer, G.; Drewello, M.; Kruber, S.; Schutkowski, M.;
Fischer, GJ. Mol. Biol. 1998 279, 449-460.

(25) Schutkowski, M.; Bernhardt, A.; Zhou, X. Z.; Shen, M. H.; Reimer, U.;
Rahfeld, J. U.; Lu, K. P.; Fischer, ®iochemistryl998 37, 5566-5575.
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surface fromv(r) to V*(r). This can be achieved by adding a continuous
non-negative bias potentiadlV(r) to V(r) in order to getV*(r), as
depicted in Figure 2.

One of the main objectives of this technique that sets it apart from
other methods is the construction of the bias potential without prior
knowledge of the potential-energy minima and saddle points. In Voter's
implementation of the bias potentf&l'®the Hessian matrix is diago-
nalized on the fly of the simulation at each step, so that the transition
state regions can be identified. However, this approach limits its use
to small systems because of its computational cost. To extend the
application to much larger systems, a simpler implementation is
devisedt#18-20 A hoost energyE, is chosen such that the simulation
is performed on the modified potential*(r) = V(r) + AV(r)
(represented by dashed lines in Figure 2) wkién) is belowE and is
performed on the true potentidt(r) = V(r) whenV(r) is greater than
E. This will lead to an enhanced escape rate.

After the simulation on the modified potential-energy landscape, the
correct canonical averages of any observable can be recovered by

(31) Fischer, S.; Dunbrack, R. L.; Karplus, Nl. Am. Chem. S0d.994 116,
11931-11937.
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described? so that the modified potential is not flat, discontinuous
whereV(r) = E, and echoes the shape of the underlying potential.

A tetrapeptide, Ace-TSPINme, was used to carry out these
simulations. This short piece was taken from the NFAT1 protein that
has several repeats of the XSPX motif around the calcineurin-binding
region that is phosphorylated and dephosphorylated in order to
deactivate and activate the protein, respectiVelyFAT1 activates the
transcription of a number of genes during immune response. However,
the three-dimensional structure of the phosphorylated region is still not
well-known and might be dependent on the unusual and slow cis/trans
isomerization of the numerous occurrences of XSPX motifs. We carried
out several 5x 10 steps of accelerated MD simulations on the
unphosphorylated motif (TSPI) and the phosphoserine motif (TpSPI).
In these studies, all-atom molecular dynamics simulations were carried

Figure 3. Schematic representation of the normal potential and several oyt by using the Cornell et al. all-atom force fi#ldnd by solving the
bias potentials at fixed threshold boost energy \ith varying values of : ; T

o. Thea value of the red dashed line is less than that of the green, which Langevin dynamics equation:
is less than that of the blue.

V(r)

d? dx
reweighting. The equilibrium ensemble average value of an observable ! de =F® - Vma +R(®) (6)

A(r) on the normal potentia¥(r) is given by eq 1:

wherey is the collision frequencyymis the frictional coefficient, and

—BV
fdrA(r)e o R(t) is a random Gaussian force with zero mean. A value of 2.0 ps
[AL= ) @ was used for the collision frequency, as suggested by Loncharich et
fdre al3* Since conformational changes in proteins directly reflect changes

in torsions, we have applied the boost to only the dihedral torsions as
previously described The boost energlg was set 30.0 kcal/mol above
the average total torsion energy, and the simulations were carried out
at two different values oft: 15.0 and 20.0 kcal/mol. The simulations

Similarly, the ensemble average value of this observaiji¢ taken
on the modified potential*(r) can be written as (substituting for(r))

fdrA(r)e_ﬁv(r) A0 were carried out using the Sander module in the AMBER 7 %uite
A= EPYRE (2 programs that was modified to perform the accelerated molecular
fdre dynamics simulation. The modification to the Sander module involves

o - ~an additional routine that calculates the forces of the atoms on the
Therefqre, _by rewelghtln_g the_phase space of the modlflgd potential modified potential base on the conditions set in egs53 The
by multiplying each configuration by the strength of the bie$', electrostatic interaction was treated using the generalized Born imple-
at each point, the corrected ensemble average, which is equivalent toentation (igh= 2)%in AMBER 7, and the apolar solvation term was
the average equilibrium observableAgf) on the normal potential, is 4150 included in the potential function with the surface tension parameter
obtained. set to the default value of 0.005 kcal/mot.AThe SHAKE algorithm

This scheme is defined in eqs 3 and 4. They relate the modified 55 applied to all bonds involving hydrogen atoms, and an integration
potentialv¥(r) to the true potentia¥(r), bias potential\V(r), and boost time step ofAt = 2.0 fs was used for the integration of the Langevin

energyE. equation.
VA(r) = V(r) + AV(r) (3) Results and Discussion
_fo, vin=E Studying the cis/trans isomerization of proline using con-
AV(r) = f(r), V(r) <E (4) ventional molecular dynamics simulations is almost impossible

because of the time scale limitations and the high energetic
barrier separating the states. We have carried out several
accelerated MD simulations on the unphosphorylated and
(5) phosphorylated XSPX motifs. Figure 4 shows the plot ofd¢he
angles of the serine and proline residues of TpSPI during the
This definition ensures behavior, as shown by the dashed line in Figure course of the simulation. The top plot shows thangle of the
2, such that the derivative of*(r) with respect tor will not be p-serine, which stays mostly in the trans conformation. On the
discontinuous at points wheré(r) = E. Selection ofE and a is other hand, the bottom plot in Figure 4 shows frequent
important to the method and determines the extent to which the isomerization of the proline angle from trans to cis during
molecular dynamics will be accelerated. While Varying the value of the course of the simulation. The transition is shown to occur

at a constant value df, the modified potential becomes smoother as 14 frequently from aroune 180 to around D(anticlockwise),
o is decreased. Conversely, the modified potential surface becomes
rougher asx is increased and matches that of the original surface at a (32) Hogan, P. G.; Chen, L.; Nardone, J.; RaoG&nes De. 2003 17, 2205~
very large value ofy, as depicted in Figure 3. 2232. ]

The biased potential, therefore, smooths the local roughness and®>) Egg‘fsnc’mwb ?M;.%Sglﬁf’eyz‘r; gagY'F%( 'T -Gcoz;gj\)véh RJ*V\'\,A?rKZ(’)”ﬁ]'a':]A':P
lowers the barriers of the potential-energy landscape, thus increasing  A. J. Am. Chem. Sod.995 117, 5179-5197. e T

the escape rate of the system from potential-energy basins. The state(34) Loncharich, R. J.; Brooks, B. R.; Pastor, R. Biopolymers1992 32,

where in our implementatioH,f(r) is defined as

_ (E-V)Y
M= e E- Vi)

. i . 523-535.
to-state evolution of the system on the modified potential occurs at an (35) pearlman, D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. S.; Cheatham, T.
accelerated rate. Therefore, the higher the boost enErgnd the (E: Debol{bg.:glierlguzi)n, D.; Seibel, G.; Kollman, ®omput. Phys.
smaller the value ofy, the greater the acceleration. Theshould, (36) O%wag\?'A.- gasé D__A_Z Bashford, D. Comput. ChenR002 23, 1297

therefore, be given as a positive nonzero value, as previously 1304.

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1971
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Figure 4. Variation of thew angles of serine (top) and proline (bottom)
during the course of the simulations of TpSPI.

rather than from around 180 to aroundl @lockwise). This
shows that the transition from trans to cis, and vice-versa, is
asymmetric and is likely characteristic of an XSPX motif.
Furthermore, due to the asymmetry of the cis/trans isomeriza-
tion, it could be qualitatively inferred that the barrier height for
one of the transitions is lower than that of the other. Similar
results were observed for the unphosphorylated TSPI motif. In
agreement with our results, an earlier quantum mechanical study
by Fischer et at! showed that the cis/trans imide isomerization
of the proline dipeptide is also asymmetric, with one energetic
barrier approximately 3.0 kcal/mol higher than that of the other.
According to the study by Fischer et &t.the activation omega
barrier of the isomerization process is strongly dependent on Figure 5. Free energy density plot of the cis/trans isomerization transitions
the y angle of proline. Therefore, to quantitatively recapture 2/°ng thew and¢ angles of the proline residue of the unphosphorylated
. . TSPI motif: (top) surface plot and (bottom) contour density plot in units
the free energy of the barrier crossing, we have calculated the ¢ yilocalories/mole.
free energy surface of the barrier crossing of the cis/trans
isomerization in two dimensions, as shown in Figures 5 and 6
using they angle of proline as the second dimension.
fromzzfr?dcl(ggn(z 22%3 t(())f fg'&f;ﬂ;gg,THimen\jgﬁfzg igﬁs The barrigr height for.the transitio.n frpm t.hnehelical to
be seen in Figures 5 and 6, the cis/trans isomerization occursb-Strand region of the cis conformation is slightly lower for
mainly when the backbone conformation of proline is around the unphosphorylated TSPI than that for the phosphorylated
the a-helical conformationi ~ —30). At the cis isomerd ~ TpSPI mOFIf, by about 2.5. kca_l/mpl. Also, when the_ backbone
0), they backbone angle of the proline stays mainly around conformation of the proline is in thé-strand region, the
thea-helical conformation and rarely gets to {fistrand region. ~ Unphosphorylated TSPI motif has a barrier height for the cis-
The barrier height for the transition from tlehelical to the ~ to-trans isomerization lower than that of the phosphorylated
S-strand region, and vice versa, is much less (about 5.0 kcal/ TPSPI motif. Hence, the unphosphorylated motif can isomerize
mol lower) for the trans isomer than for the cis isomer in both more easily from thes-strand region than can the phosphor-
the phosphorylated and unphosphorylated motifs. When the ylated motif. Therefore, it can be seen that the isomerization is
backbone conformation of the proline is in thehelical region, strongly dependent on the angle of proline and the phospho-
the barrier height for the anticlockwise trans-to-cis isomerization rylation state of the serine residue. The backbone angle of the
(~14.0 kcal/mol) of proline is similar or slightly increased after proline residue is predominately in tieehelical conformation
phosphorylation of the serine, in agreement with experiment, for the cis isomer.

and §imi!arly, .the barrier height for cis t(,) trans 4.0 kcql/ Using the generalization of Kramers' rate theB@rp multi-
mol) is slightly increased with phosphorylation. As qualitatively dimensional free-energy surfaces, put forward by Lafger
observed in Figure 4, the second transition (clockwise) from

180 to O rarely occurs and has an estimated free-energy barrier
of 18 kcal/mol, about 4.0 kcal/mol higher than that of the
anticlockwise transition. This transition is very difficult to
observe and characterize experimentally because it is much
slower than the anticlockwise transition; therefore, there is no
reported experimental free-energy barrier for this transition. (37) Hanggi, P.; Takner, P.; Borkovec, IRe. Mod. Phys1990 62, 251~
Fischer et ab! estimated the activation energy (not free energy) (38) Langer, J. SPhys. Re. Lett. 196§ 21, 973.

* for the higher transition of a proline dipeptide in gas phase to
be around 20.7 kcal/mol.

have calculated the relative rate of escape for the phosphorylated
and unphosphorylated TSPI motifs from trans to cis, and vice
versa, for the most probable transition path, that is, whenythe
backbone angle is in the-helical conformation (Figures 5 and

1972 J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005
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Figure 7. Reweighted density plot (in kilocalories/mole) of tiieand ¢
angles of serine (top) and proline (bottom) in the unphosphorylated TSPI
motif.

100

omega that of the phosphorylated analogu&&'{). According to the

Figure 6. Free energy density plot of the cis/trans isomerization transitions  transition state theory and derivations by Vdfetsthe motions
along thew andg angles of the proline residue of the phosphorylated TpSP1 - ) the modified surface occur with a nonlinear effective time
motif: (top) surface plot and (bottom) contour density plot in units of . AVIE(t . .
kilocalories/mole. scale ofAt* = Ate® VW] whereAt is the actual time step of
the simulation on the unmodified potential. However, the

6). The rate of escape)(for a two-dimensional case (in this  derivation of this equation requires that the boost potential is

case, thew andy phase space) is given by always zero near the saddle points; that is, the modified surface
should always meet the unmodified surface near the saddle

w, w/l*a,/z\ points. We do not strictly enforce this condition because the

k=— C exp—FyksT) (7) energy landscape of a biomolecule is rough, and it would require

the calculation of the Hessian matrix at each step in order to

detect the saddle points. Nonetheless, using a novel procedure
wherew;, and w; are the angular frequencies of the unstable (details to be discussed elsewhere) that relates the kinetic rates
and stable modes, respectively, at the transition (saddle) point;tg the features of the energy landscape, we were able to estimate
a)l and w2 are the angular frequencies of the modes in the the rate of escapdqﬂph"ﬁ from the trans well to cis well for
metastable state A (for example, the trans or cis |somer well); TSPI to be around 610°% at 300 K. This calculated rate is
Fp is the barrier height, an@ is a constantw, and w3 were about 2-3 orders of magnitude faster than the rates of the
calculated by evaluating and dlagonallzmg the Hessian matrix experiments. These fast kinetics could be attributed to the use
at the saddle point. The, andw3 values are equwalent tothe  of a much smaller collision frequency of 2.0 Bscompared to
square roots of the eigenvalues. Thg and w} values were  about 60 ps! for water and the GB implicit solvation model.
similarly calculated for the trans and cis wells (Figures 5 and  Furthermore, it can be seen from the results in Figures 5 and
6). The ratio of the rate of escapk'T" k"% of the trans 6 that they angle of proline favors the-helical conformation
isomer to cis isomer for the unphosphorylated TSPl motif after phosphorylation. Consequently, we have also explored the
relative to that of the phosphorylated TpSPI motif is estimated dependence of the backbone conformation of the serine and
to be around 6. The ratio of the rate of escag&{°Ike" for proline residues of the TSPI motif before and after phospho-
the reverse, cis to trans, is approximately 2. Therefore, both of rylation. The plot of the backbone angle of the serine and proline
the escape rates from the trans and cis wells decrease afteresidues of the unphosphorylated TSPI motif is shown in Figure
phosphorylation of the serine residue. Earlier experimental 7.
studies by Schutkowski et &l.also showed similar results. In The backbone conformation of the serine residue is heavily
that study, the cis-to-trans isomerization rates of the unphos-populated around the-helical (¢ ~ —60, ¥ ~ —60), the
phorylated serineproline and threonineproline bondsk:""") B-strand, and the polyproline Il (PPly ~ —75,y ~ +145)
were found to be about 2- and 8-fold faster, respectively, than regions. The left-handed helical conformatign{ +60, ¢ ~

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1973
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Figure 8. Reweighted density plot (in kilocalories/mole) of tiieand ¢

angles ofp-serine (top) and proline (bottom) in the phosphorylated TpSPI
motif.

+50) is also sampled, but to a lesser extent. ghap space of
the proline residue is more restrictive and samples only the
a-helical conformation, where ~ —60 andy ~ —60, and
the PPII region. Then-helical conformation of the proline
residue has a free energy lower than that of the PPII conforma-
tion. After phosphorylation, as shown in Figure 8, the backbone
angles of the TpSPI motif tend to favor the helical conformation,
similar to previously observed results with different nonproline
tetrapeptide sequencés.

The a-helical region, where@ ~ —135 andy ~ —60, of the

what is seen for the unphosphorylated serine of TSPI. The two
a-helical regions (double wells; Figure 8) of tipeserine of

the phosphorylated motif have lower energies and are clearly
more favored than thg-strand and PPIl conformations. There
is a marked decrease in tffestrand, PPII, and the left-handed
backbone conformations of the serine residue after phosphor-
ylation, as is evident from Figures 7 and 8. Similarly, the
a-helical region of the proline residue is more favored after
phosphorylation of the serine residue.

Conclusions

With the altered energy landscape, we are able to accelerate
all-atom MD substantially and recover equilibrium properties.
This method allows the system to move very easily over high
energy barriers in fewer computational steps than normal MD
and samples energy wells that would not have been explored
using normal MD. Furthermore, this method is not limited to
an implicit solvation model. Preliminary ongoing calculations
show that accelerated sampling is also found when using explicit
water molecules. The cis/trans isomerization of the serine
proline motif is a very important conformational switching
mechanism that has been implicated in many regulatory
pathways. We showed that the isomerization of¢hkond of
proline is asymmetric and strongly depends ongthleackbone
conformation of proline. We have also shown that phosphor-
ylation slows down the rate of isomerization (the unphosphor-
ylated peptide is more fluxional) and changes the distribution
of the preferred backbone conformations. While we have only
examined the intrinsic isomerization and backbone behaviors
and their modulation by phosphorylation, the effects that we
have found are likely to contribute to the activity of enzymes,
such as Pinl.
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