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Methods recently introduced to improve the efficiency oftpimstructure prediction simulations by adding a restraatential
to a molecular mechanics force field introduce additionplitrparameters that can affect the performance. Here wetigate
the changes in the energy landscape as the relative weitfiet dfvo contributions, force field and restraint potenimbkystem-
atically altered, for restraint functions constructedhfroalculated nuclear magnetic resonance chemical shitactdnarking
calculations were performed on a 12-residue peptide,dphn zipper 1, which features both secondary structuet(airpin)
and specific packing of tryptophan sidechains. Basin-hapglobal optimization was performed to assess the effigigvith
which lowest-energy structures are located, and the desgath sampling approach was employed to survey the enangly |
scapes between unfolded and folded structures. We findriblatsion of the chemical shift restraints improves the &fficy
of structure prediction because the energy landscape leecorare funnelled and the proportion of local minima clasdifis
native increases. However, the funnelling nature of theldaape is reduced as the relative contribution of the credrafdft
restraint potential is increased past an optimal value.

1 Introduction obtained over unrestrained simulations. The overall aggro
depends upon the link between biomolecular chemical shifts

Significant progress has been made on improving the comand three-dimensional structure (see Ref 12 and references
putational efficiency of protein structure prediction slesu  therein).

tions by making direct use of nuclear magnetic resonance
(NMR) observables. One approach is based on molecular
fragment replacement using sequence homology, combined .
with databases of structures and experimental NMR observ- In the current work, we analyse the changes in the energy

ables, and methods for predicting the observables given ?ndscape as the relat|ve_we_|ght of the two contributioe.d
structure’™ An alternative approach that does not require se-'eld and restraint potential, IS sygtemaﬂcally alteree Mh
guence homology involves a conformational search of the en? !oy order-pgrameter—fgeli V|sual|.zat|.ons of t.h e_Iar_ldec{aa
ergy landscape obtained by combining a biomolecular forcx%'Sconned'\.“t.y graph$> The aim IS to gain |nS|ght nto
field with a restraint potential that biases the search tdsvar ow the efficiency of structure pred|ct|_on_ varies using such
structures consistent with some reference observafierere 2" _approach and, hen<_:e, r_mght be optimized in fut_ure appli-
we consider only restraint potentials that introduce arrggne cations. Due to the bias introduced by the restraint poten-

penalty as a function of the difference between referende ant'al’ we do not consider thermodynamics or dynamics. Our

; - 6
calculated NMR chemical shifts; such terms were introduced®St system IS tr_yptophan zipper 1 (PBEcode 1LEG?), a
for the refinement of structures determined by NNIRjn 12-residue peptide that features both secondary stru¢aure

order to make good use of these precise and readily ava"(}-hairpin) and specific packing of tryptophan sidechains, ye

able spectroscopic observables. More recently, chertidfal s remains computationally tractable in terms of the total ano
restraint potentials together with molecular mechanicsgo of sampling required. We consider the region of the landscap

fields and more extensive conformational searches have be ﬁlleva?t for folding from extendeq (rathe_r than partlali_yy
employed to predict the native structures of various pnstéi 0 d‘f?_fg) structures, and use bas.'“'ggpp'”g global optimiza-
studies using Monte Carldmolecular dynamic¥ and basin- tion and discrete path samphﬁ‘@_}' as the sear_ch meth-_
hopping global optimizatioht simulations. In each study, sig- ods. The calculated chemical shifts and restraint energies

nificant improvements in the quality of the predictions were?'® gbtalned using the C;amShp‘t methodoldgyvhich aIsp
provides analytical gradients with respect to the atomic co

& University Chemical Laboratories, University of CambridgLensfield Orqmates and is theref_o'je amenable to th_es_e Sgamh methods
Road, Cambridge CB2 1EW, UK. E-mail: dw34@cam.ac.uk which are based on efficient geometry optimization.
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2 Methods 2.2 Basin-hopping global optimization

2.1 The potential Since the main aim of including “experimental” restrairgs i
to improve the computational efficiency of protein struetur
The energies and gradients were calculated using a motecularediction, we performed global optimization simulatiarss
mechanics force field in combination with a restraint poten-ing the basin-hopping approaéf;'® as implemented in the
tial based on NMR chemical shifts. The CHARMM22/CMAP GM N program?® in order to identify putative lowest-energy
dihedral-potential-corrected all atom force figldf® with  minima.
the FACTS implicit solvation modél were used to ensure
protein-like behaviour of the polypeptide chain. The re-
straint potential was obtained via a Fortran implementefio
of the CamShift program and methodologyCamShift pre-

: : 13~ 13 3 :
dicts the'Ha, amide'H, *°Cq, °Cj, carbonyfC, and amide production runskgT in the Metropolis criterioR® was fixed

5N chemical shifts of a given protein structure using cal-at 2 5 energy units, and 100000 basin-hopping steps were
culations based on polynomial functions of the interatomicperformed_ Each step involved perturbing a randomly cho-
distances (and therefore allows analytic gradients to be ol set of backbone and sidechain dihedral angles by an an-
tained straightforwardly). The terms in the CamShift fumict gle selected at random up to the maximum step size, either
that we included here account for the influence of backbong,qckwise or anticlockwise. The maximum step size, iigial
sidechain and nonbonded atoms, aromatic rings via pointAOO, was dynamically adjusted to maintain a Metropolis ac-
dipole terms, and an improved description of backbone dihegeniance ratio of approximately 0.3. Local minima were con-
dral angles. verged to a root-mean-square gradient of 381 after each

The overall CamShift penalty function is a sum of soft- basin-hopping step, and 1A -1 during the refinement of the
square harmonic wells applied atom by atom to the differenc&0 lowest-energy structures, using a slightly modifiedieers
between the chemical shift predicted for that atom in the curof the limited-memory Broyden-Fletcher-Goldfarb-Shaaho
rent structure and a corresponding reference shift reptiese  gorithm 3132
the target conformatiof® The form of this function penalises
statistically significant deviations in chemical shift (lonic
region), whilst also allowing a margin of error in the shflat
bottom region) and not allowing large deviations to dongnat

To obtain statistics, 10 independent simulations were per-
formed for each landscape. Each run was started from a dif-
ferent conformation with no native contacts, taken fromex pr
liminary high-temperature basin-hopping simulation. e

the overall potential (hyperbolic tangent region). 2.3 Discrete path sampling
A parametera determines the relative weight of the two
contributions: To explore the energy landscapes more widely, from un-
folded to folded conformations, we employed the discrete
Eiot = o Ecs+ (1— @) Err, (1)  Ppath sampling framewor®2? to generate kinetic transition

networks. Each network was set up with an initial discrete

] ) ] path?® (connected sequence of minima and the intervening
with 0 < a < 1, Ecs the CamsShift restraint energy, ai@r  ransition states) between an unfolded and a folded confor-
the energy from CHARMM22/CMAP and FACTS. An equiv- mation, and then expanded to improve the ensemble of fold-
alent expression exists for the gradients. We noteagis a  jnq paths and refine the overall kinetics. Discrete pathewer
dimensionless quantity, whereBigs has units of kcalmol'.  jgentified using an iterative missing connection procedtire
This form for the total energy differs from previous Wotk®  pased on Dijkstra’s shortest path algoritiifras implemented
in which Erot = a Ecs+ Err for a > 0. in the OPTI Mprogram?3® Transition state candidates were ob-

The CHARMMZ22 potential was symmetrized with respecttained using the doubly-nudg&ielastic band method’~3°
to feasible permutations of identical atorffsas was CamShift and then converged tightly to a root-mean-square gradient
for the relevant atoms in ARG, GLU, ASP, TYR and PHE of 10-6A~1 using hybrid eigenvector-following’4%41Paths
residues. The two hydrogens in GLY residues are not perwere refined iteratively using various procedures impleten
mutable here because CamShift treats them slightly differin the PATHSAMPLE program?? to reduce the overall num-
ently. To avoid the unphysical complication of pairs of stru  ber of transition states in a paffi#**to find alternative routes
tures with similar but non-identical energies for exchanfie that avoid high energy barriefé,and to remove artificial frus-
these two hydrogens, only the conformations with the spatiatration from under-sampling? The resulting landscapes were
order matching the native structure were retained. visualized using disconnectivity graph$*
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3 Resultsand Discussion physical structures as stationary points with reasonaienergies,

but separated from corresponding physically reasonatletates by
We investigate the energy landscapes for tryptophan zipper high barriers. Examples include highly non-tetrahedrab>€and
(PDB code 1LE@5), a 12-residue de novo peptide that read-—NH;3 groups in sidechains. Such structures are kinetic traps and
ily forms a B-hairpin in water, stabilized by two cross-chain cause unrealistic frustration in the netwdik;'®both at the sampling
TRP-TRP interactions. The sequence is SER-TRP-THRS!age and in the analysis. We removed such structures fromedu
TRP—GLU—-GLY-ASN-LYS—-TRP-THR-TRP-LYS, and in works using a criterion based on the bond angle componeriteof t

. . PR . molecular mechanics energy for transition states, as thisfoaund
our simulations we employed standard, zwitterionic cagpin L . . .
L . to clearly distinguish the unphysical conformations, awhore gen-
groups at the termini, following the work of Hoffmann and

11 eral than individual geometric criteria.
Strodel:

We consider the landscapes defined by four values of thg 1
parameteir: 0, 0.3, 0.5 and 0.7. Higher values were found **
in preliminary work to have insufficient contribution frofme  Energies and order parameters for the lowest minima fouttueii0
force field to distinguish protein-like structures from typi-  independent basin-hopping runs are presented in Table &.rifs
cal ones. For each value af, we performed basin-hopping did not all produce the same lowest minimum, either in terfrene
global optimization and also assembled a kinetic transitio ergy or the structural order parameters, indicating thatsystem is
network using discrete path sampling, as described in@ecti quite challenging for global optimization. The overall lest-energy
2. The general input parameters in the basin-hopping runstructure has the hairpin and turn not quite as well-formethahe
were held constant across the different landscapes, ats/alureference structure, and a non-native packing of the TR&tkains
chosen using shorter, preliminary simulations. In eacle.cas (all-atom root-mean-square deviation of A 8om the PDB refer-
the initial unfolded conformation used as the “reactantd-en ence structure).
point in the discrete path sampling was obtained by locally To highlight the presence of non-native structures loweriargy

a=0

minimizing a fully extended structure with the prevailingso-
all potential. For non-zero values of, the folded confor-
mation (the “product” endpoint) was the appropriate pugati

than native, the putative global minimum (run 9) and the kiwain-
ima from basin-hopping runs 2, 5, 7 and 10 were connectedtimeto
landscape sampled between unfolded and native confomsatirs-

global minimum from preliminary global optimization runs a ing subsequent applications of the discrete path sampfipgoach.
each value ofr. Fora = 0, the product endpoint was initially These five structures can be described as hairpin-like withesbut
taken as the locally minimized PDB structure (with standardnot all of the native hydrogen bonds present and either orzeiar
capping groups), since the true global minimum in this caséative TRP-TRP contacts, and are the five lowest in energheof t
is a more difficult target, as discussed below. The set of refset of 10 from the global optimization. The lowest-energyimia
erence chemical shifts used throughout to represent thettar from the remaining runs are more than five energy units aboee t
conformation was calculated using CamShift for the unopti-overall lowest and are structurally distinct from hairp{ssme pos-
mized PDB structure with standard capping groups. This consess helical turn sections); we chose not to connect thehetmain
formation is illustrated irFig. 1, using PyMOL%> kinetic transition network here to simplify the preseraatithough it
For the basin-hopping results on each landscape (defineleby t should be noted that the force field supports these striscatiewer

value of a; all other CamShift parametef323 held constant), we
consider the lowest-energy structure found in each of thandé-
pendent runs and analyse these in terms of energies andusafuc
order parameters that characterise the folded state. Tee param-
eters we consider are the number of native backbone hydingeis
(denoted O1, maximum 4), using the default geometrical diefin
of a hydrogen bond from the CHARMM prograffi;*¢and the num-
ber of distances between centres of mass of neighbouring phi
TRP sidechains (in terms of structure not sequence) thathmhbe
PDB structure to within a tolerance @f0.5A for the two closest
pairs and+1.0A for the other (denoted O2, maximum 3). These
order parameters are also used, one at a time, to add informtat
the disconnectivity graphs by colouring the branches alingrto the
values for the minima. The tolerances were selected by derisg
the changes in the relevant distances and angles on mittiomzzf
the PDB conformation using the CHARMM-only potential, arsba
by observing consistent plateaux in the number of strustdedined
as matching the reference as the values were increasedydiorke
netic transition network. Reasonable changes in the todesado not
affect the conclusions.

We found that all the potentials (includirg = 0) supported un-

energies than native conformations.

Disconnectivity graphs showing the resulting landscagepae-
sented in Fig. 2. The kinetic transition network contain®@4 con-
nected minima and 88 838 transition states. The colouringrtigr
parameter shows that native structures lie above the petgtbbal
minimum for this potential as discussed above, are not fFeté&hey
comprise fewer than 3% of the minima), and can be separathidjhy
downhill barriers of up to 24 energy units. These resultsadireon-
sistent with the global optimization runs.

Short, constant-temperature molecular dynamics sinwigtivere
run using CHARMM?8:46or various minima from the lowest-energy
part of the landscape shown in Fig. 2, after an initial hepphase
that did not form part of the subsequent analysis. Thesetstes,
which include the putative global minimum, were found to &ason-
ably stable for at least 3 ns in terms of the structural ordeameters
for backbone hydrogen bonding and TRP—TRP interactionsilstvVh
there are fluctuations away from the original order parametiies,
and the trajectories leave the original basins of attractibere are
no substantial periods of time throughout which the ordeaimpe-
ter values of the starting minima are lost. Furthermore enoithe
snapshots from these trajectories are classified as nagitkesorder

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 The reference structure of tryptophan zipper 1. Left: vieanf below, highlighting the backbone hydrogen bonds (ophan
sidechain atoms are grey). Right: side view, highlightimg interactions of the tryptophan sidechains (backbonastye grey). Other
sidechains are not shown

Table 1 Analysis of the lowest-energy minimum found in each of thent&pendent basin-hopping global optimization runs for faalues

of a. The total energies given are relative to the lowest foumeéxh landscape, and the CamShift enerdgs) are the values of the
restraint potential, not including the factor @f The structural order parameters are the number of natsibloae hydrogen bonds (denoted
01, maximum four), and the number of distances betweenesnfrmass of neighbouring pairs of TRP sidechains that ntaecRDB
structure to within a tolerance af0.5A for the two closest pairs anti1.0A for the other (denoted O2, maximum three)

Run 1 2 3 4 5 6 7 8 9 10
a=0
Etot (relative) 6.70 1.58 5.90 9.47 3.04 7.20 1.83 8.58 0.00 0.998
01 (out of 4) 0 3 0 0 3 0 2 0 2 3
02 (out of 3) 1 1 0 1 0 0 1 0 1 1
a=0.3
Eiot (relative) 0.0865 1.64 0.00 1.10 0.787 0.321 1.44 1.83 1.66 .540
Ecs 3.71 4.88 2.54 2.24 2.97 3.80 9.31 2.03 413 2.99
O1 (out of 4) 4 4 4 4 4 4 4 4 4 4
02 (out of 3) 3 3 3 2 3 3 2 2 3 2
a=05
Eiot (relative) 1.21 1.39 0.239 0.684 2.28 0.892 1.75 0.831 0.604 0.00
Ecs 1.59 2.80 1.51 2.16 3.89 1.72 1.14 1.31 1.46 1.79
O1 (out of 4) 4 4 4 4 4 4 4 4 4 4
02 (out of 3) 2 1 3 3 2 2 2 2 3 2
a=0.7
Eiot (relative) 2.91 0.00 2.96 4.77 3.28 2.10 1.51 5.32 4.95 1.97
Ecs 0.693 0.401 0.851 1.55 0.917 0.842 0.598 2.86 0.947 0.654
01 (out of 4) 4 4 4 3 4 4 4 2 4 4
02 (out of 3) 0 2 1 1 1 3 3 1 2 1

4| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Disconnectivity graphs foor = 0. The vertical axes are the total energy, relative to thesivenergy minimum. Left: full graph, with
the branches coloured according to the number of nativettmaxekhydrogen bonds in the corresponding local minimunt) talite
representing the maximum (four). Right: magnification & kbw-energy region. Here, only the minima with four natieekbone hydrogen
bonds are coloured, and the colour scheme now displays thbenof distances between centres of mass of neighbourirgqfal RP
sidechains that match the PDB structure (tolerances givéeitext). Red: one. Green: two. Blue: three
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parameters.

32 a=03

Energies and order parameters for the lowest minima fourttien
10 independent basin-hopping runs are presented in Tabtectli-
sion of the restraint potential significantly improved thesess rate
in locating native-like structures to 60%, according to tilve order
parameters. Consensus is again not reached at the levelindian
vidual minimum; this is the case for all the valuesafconsidered
here. All 10 runs located native hairpin structures, but fafuthese
did not manage to fully pack the TRP sidechains in a nativenaan
This result may be due to limitations of the geometrical mesteem-
ployed here, or because of the particular sensitivitytt§ and'3C
chemical shifts to backbone dihedral angfés.

Disconnectivity graphs* 14 showing the landscape from the dis-
crete path sampling simulations are presented in Fig. 3.reTae
45426 connected minima and 61 208 transition states. Nitise
structures are lowest in energy, occupying a significardtifva of
the landscape interspersed with near-native minima. Thenkid
barriers to native structures are also lower tharofet 0.

33 a=05

The success rate far = 0.5 was lower than foo = 0.3, at 30 %.
Again, all 10 runs located the correct hairpin structuré,thare are
more runs that correctly predicted only one or two out of firee
pairs of TRP—TRP distances in the order parameter (Table 1).
Disconnectivity graphs showing the landscape are predente

neither the force field nor CamShift is sufficient to distirguclearly
between native and partially folded structures. The fornthefen-
ergy landscape changes from frustrated, with high barbietareen
native-like structuresd = 0), to funnelling ¢ = 0.3 and 0.5), to
frustrated again, with many competing structures of simelaergy
(a =0.7). The number of stationary points also decreases &s

creases. More importantly, the proportion of minima clésgias
native according to structural order parameters for bao&bwydro-
gen bonding and TRP-TRP sidechain packing is significanglyer
when CamsShift is included.

The values of the restraint potenti&cs, for the lowest-energy
minima are not negligible, even for structures classifiechative,
though they decrease asincreases. The non-negligible values are
therefore probably due to competition between CamShift tued
force field. In general, this issue will be affected by thetigk or-
ders of magnitude of the two sets of energies and gradiemdss@ne
extra adjustment to the weighting may be neces$hiyowever, for
this system at least, it was not necessary to obtain conf@nsawith
restraint energies very close to zero. Whilst it would besfiss to
reduce the value of the restraint potential by increasimgntiargin
of error allowed between the calculated and referencesg8fction
2.1), this change may also have the undesirable effect atied the
driving force towards native structur@she relevant CamsShift toler-
ance parameter must therefore also be chosen witt?¢4(a = 0.5
was used throughout the current work). It has also been ribtd
predicted chemical shifts can be very sensitive to smalhgba in
protein structure?

Fig. 4. There are 44152 connected minima and 59 159 transitio4 ~Conclusions

states. Although native hairpin structures are numerodsl@m in
energy, only 22 % of them also possess the fully correct pgckf
the TRP sidechains.

34 a=07

Although the values of the CamShift restraint potentizd) are now
on average the smallest, these runs did not perform as wela8.3
and 0.5 in terms of locating native-like structures, thotiggy are

We have systematically explored the effects on the energistzape
of adding a restraint potential term based on calculatedrafed-
ence NMR chemical shifts to the energy of a protein from a ole
ular mechanics force field. Our test molecule is the trypaophip-
per 1 peptide (1LEO), the force field is CHARMM22/CMA®26
with the FACTS implicit model of solvatioR! and CamShift® (re-
coded in Fortran) provided the restraint potential and calculate
chemical shifts. The general aim of including such restri@ms is

better thano = 0 (Table 1). The success rate is 20 %, but now two to improve the efficiency and accuracy of structure pregicgim-

out of 10 runs did not locate the full set of native backbonérbgen
bonds within the fixed number of basin-hopping steps. Thdipre
tion of the TRP sidechain packing is also the poorest of thezeso
values ofa.

Disconnectivity graphs are presented in Fig. 5. There a@895
connected minima and 51 182 transition states. Many of timénmai
are native hairpin structures of comparable, low energyoAgthese
hairpins, only 36 % also have correctly packed TRP sideshand
they are not well separated in energy from partially foldenforma-
tions, thus hindering the search for the global minimum.

3.5 Overall Trends

Given the composition of the total energidt = o Ecs+ (1 —

ulations, by incorporating experimental information abihe target
conformation. This approach is most useful when the forde §iep-
ports an unphysically large number of local minima, and@esinot
have the native state as the global minimum. We thereforfepeed
basin-hopping global optimization simulations and asdecdhkinetic
transition networks using discrete path sampling, for &eseof to-
tal energy functions with increasing contributions frore tlestraint
potential, controlled by a mixing parameter

The results show that locating a native-like structure ffiig sys-
tem is relatively difficult without any restraint terms buds ex-
pected, this situation can be improved significantly by ipooating
restraints from Camshift. We postulate that this improvenagises
because the proportion of minima classified as native, doupr
to structural order parameters for backbone hydrogen bgnaind

o) Erf], and the relative magnitudes of the two parts in this caseTRP-TRP sidechain packing, is significantly higher when Shift
(|[ErF| ~ 300kcalmol? and|Ecg| ~ 30), the range of energies de- is included, and also because the organization of the etenggcape
creases ag increases. By the time reaches 0.7, the contribution of changes. Of the values tested= 0.3 was found to give optimal per-

6| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Disconnectivity graphs foor = 0.3. The vertical axes are the total energy, relative to the&ivenergy minimum. Left: full graph,
with the branches coloured according to the number of natadbone hydrogen bonds in the corresponding local miniymith blue
representing the maximum (four). Right: magnification & kbw-energy region. Here, only the minima with four natieekbone hydrogen
bonds are coloured, and the colour scheme now displays thbenof distances between centres of mass of neighbourirgqfal RP
sidechains that match the PDB structure (tolerances givéeitext). Red: one. Green: two. Blue: three
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Fig. 4 Disconnectivity graphs foo = 0.5. The vertical axes are the total energy, relative to thee&ivenergy minimum. Left: full graph,
with the branches coloured according to the number of natadbone hydrogen bonds in the corresponding local miniymith blue
representing the maximum (four). Right: magnification & kbw-energy region. Here, only the minima with four natieekbone hydrogen
bonds are coloured, and the colour scheme now displays thbenof distances between centres of mass of neighbourirgqfal RP
sidechains that match the PDB structure (tolerances givéeitext). Red: one. Green: two. Blue: three
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Fig. 5 Disconnectivity graphs foor = 0.7. The vertical axes are the total energy, relative to theektvenergy minimum. Left: full graph,
with the branches coloured according to the number of natadbone hydrogen bonds in the corresponding local miniymith blue
representing the maximum (four). Right: magnification & kbw-energy region. Here, only the minima with four natieekbone hydrogen
bonds are coloured, and the colour scheme now displays thbenof distances between centres of mass of neighbourirgqfal RP
sidechains that match the PDB structure (tolerances givéeitext). Red: one. Green: two. Blue: three
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