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Inclusion of Thermal Motion in Crystallographic 
Structures by Restrained Molecular Dynamics 

A protein crystal structure is usually described by one single structure, which largely 
omits the dynamical behavior of  the molecule. A molecular dynamics method with a 
time-averaged crystallographic restraint was used to overcome this limitation. This 
method yields an ensemble of  structures in which all possible thermal motions are 
allowed, that is, in addition to isotropic distributions, anisotropic and anharmonic 
positional distributions occur as well. In the case of  bovine pancreatic phospholipase 
A2, this description markedly improves agreement with the observed x-ray diffraction 
data compared to the results of the classical one-model structure description. Time- 
averaged crystallographically restrained molecular dynamics reveals large mobilities in 
the loops involved in lipid bilayer association. 

T H E  CLASSICAL REPRESENTATION O F  

a protein cnstal structure is basically 
limited to a single site isotropic mod- 

el for each atom. Because of the limited 
number of x-ray diffraction data from large 
bion~acromolecules, the thermal parameters 
of each atom, ~vhich describe the fluctua- 
tions around the average position, cannot be 
refined misotropically. Furthermore, the 
atomic motions in large proteins may be 
more complicated and incluclc anharmoni- 
city, as shonn in the segmcntccl anisotropic 
refinement of bovine ribonuclcasc A ( 1 ) .  

BIOSON Research I n ~ t l n ~ t c ,  Depamnent of Chcnus?, 
Un~verslR of Gronlngcn, N~jrnborgh 16. 974- AG 
Groningcn, The Setherlands 

The inabilin to  model ,ulharmonicin and 
anisotropy gives rise to  systematic errors 
present in the model ( 2 ) .  In molecular 
dynamics (LMD) simulations, the confi~wra- 
tional space is explored and thus anisotropic 
as well as anharmonic distributions of the 
atoms are obtained as represented by the 
trajccton of the atoms. Ho\vevcr. calculat- 
ing diffraction data from an unrestrained 
LMD simulation (-3) yielded, in the case of 
bovine pancreatic tnpsin inhibitor, a low 
agreement with the experimental data, that 
is, a high cnstallographic rcsiclual R 
( =  Z F ,  - F,II~ZIF,I, where F, mcl F, 
are the obscnccl and calculated structure 
factors, rcspecti\~ely) of 0.52. 

R'e have combirled M D  simulations u~i th  

cn~stallographic data b\ restraining the 
structure factor an~plltudes taken o\er  the 
uhole ensemble of structures to the ob- 
sen ed 1-rar data I11 this c n  stallographicall\ 
restrained hIL> simulat~on the follo\i Ing tar- 
get hmct~on 1s used 

1 
r = F ~ , , ~ ,  C ( I F , ( S ) I  - ~ I ( F , ( s ) ) I ) ?  

a; 
(1) 

v,.here Ephy5 represents the bond, bond an- 
gle, dihedral, improper dihedral, electrostat- 
ic, and Lennard-Jones interaction potentials 
( 4 ) .  s is the reciprocal lattice Lector, k IS a 
scale factor, and a, is a ueightlng factor 
The essential difference v, ith the LMD cnrstal- 
lograph~c refinement procedure (5, 6) is the 
use of the ensemble alerage of calculated 
strucnlre factors, (F,), Instead of the stmc- 
nlre factors of one single structure. We 
considered slrnilar arguments as Torda et < I / .  

(7,  8) for combining nuclear magnetlc reso- 
nance-nuclear O~erhauser  effect data and 
&ID procedures and used a time-neighted, 
or "running," a\erage for the calculat~o~l of 
(F,) In the restraint 

~vhere T, is the structure factor-memon 
relaxation time and F:(s) is a structure factor 
based on an individual stnlcture at time 
point t from the trajecton and depends only 
on positional parameters. N o  individual 
thermal parameters are assigned to the at- 
oms. The spread of the atoms as found in 
the cnstal is no\v represented by the spatial 
distributions of the atoms in the generated 
ensemble. 

Bovine phospholipase A? (BPLA2) is a 
123-residue enzyme that degrades phospho- 
lipids and acts primarily on aggregated lip- 
ids as in bilayers or in micelles ( 9 ) .  Its cnstal 
stnlcture has been determined at 1 .7  A 
resolution and refined to a cnstallographic 
residual of 0.171 ( 10). O n  the basis of the 
classic representation of the molecule, u ~ t h  
three poslt~onal parameters and one thermal 
parameter per atom, the structure-function 
relat~on of phosphol~pases A2 has been stud- 
ied In detall ( 11-13) 

Fi'e calculated an ensemble of BPLA? 
structures that \vas restrained according to 
Eqs. 1 ancl 2 to  the available x-ray diffraction 
data It  appcarccl that c n  stallograph~call\, 
rcstralned ,MD ga\c a significant better 
agreement betx ccn obscn cd and calculated 
x-ray data (Fig. 1A) than either convcntion- 
a1 x-ray refirlcmcnt proceclure (10) or unre- 
strained LMD (3). The improvement ob- 
tained by moclcling anisotropy and anhar- 
monicin is most clramatic in the higher 
resolution shells (Fig. 1A). For instance, for 
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O o 6  L Fig. 1. K-factors obtained by tlrnc-a~craged cns-  
tallogr'~phicallv restrained hil> of K1'I.A:. (Ai 
Cnstallographic residud. K = [ Z  t IF,,[ s i '  - 

0.00 
Fmodcl t s )  ) F , , ( S I ] .  as a ti~ristiori bf the resolu- 

,75 ,94 2,22 2,67 3,58 8,00 t ~ o n .  where: 1 1 )  Flrrodsl \\as calculated froni the 
classlcallv refined model (!ill. The corresponding 

Resolution (A) sume is ~ndicatcd b!- t = 0 ps and T, = 0 ps (cun-c 
"0, 0"). In this rnodcl individual atornic temperature factors \\ crc used ( 10); (11) Fmc,dcl \vas calculated as 
weighted averages \\-id1 Eq. 2. froni the ,1113 m n  at tirnes t = 10 p \\.ith T, = 2 ps ( c u n e  "10. 2"). 
r = 20  ps with T, = 4 ps (cun-c "20. 4"). t = 40 ps \vitli T, = 16 ps ( c u n e  "40. 16"). and r = 80  ps also 
with 7 ,  = 16  ps rcunc "80. 16"). During the run a temperature factor of 1 A' tvas assigned to cach 
atorn; arid riil) Frnodel \vas c d c ~ ~ l a t c d  as the a\-crags stnlcrurc factor\ from the trajecton- r = 40 to 80  ps 
with T, = 16 ps ( c u n c  "40-80. 16"). Additional o\erall scdlng of IFmQdsl  to F o .  yielding a scale 
factor o fk  = 1.082 and a relative overall temperature factor R,,,, = 1.028 .A'. rcduscd the residud from 
0.104 to 0.098. ( B )  The R-factor. based on dle averaged F,. as hnctlori of tlmc frorn r = 40 ps to 
r = 80  ps. ,It t = 4 0  ps one singlc stnlcnlrc liad a cnstdlographic residual of 0.65. .It?cr avcraglng over 
a tirne span of 40 ps. that is. 20.000 stnlcturcs, the K-factor dropped to 0.104. \\lthout '~dditional 
overall scding ( 14) .  

Fig. 2. Mobilin of RPL,12 as re- B 70 - - ~~ - - 
1 

\-ealed by c~stallographically re- 
strained 1 l D .  (A)  The Ccx trac11igs 60 I 

of eight stnictures of RPL.IZ as 
obsened at 4-ps in tends  for N- 50.. 
r = 40 to 6 8  ps. From t = 48 to 6 0  .4, 
ps sonic residues frorn the loop 112 .: 40. 

~ 
to 123 occupied positions of a 
neighboring niolecule, which g 30 ~ 
sho\vs that cnstal contacts should 
be treated cxplicitl!. in these cdcula- 20 i I 

tions either by van dcr IVaals re- , , , ' ,  , . 
1 ' ,  i . straints 122) In a vacuo sirnulation 

O ; . . / i  ;: .*, !..' . .I.( 

. :-N' 
. ,  . .  , J v  1 

o r  by simulating a \vliolc unit cell . ' t . ,  ~ I ,.' . 9. , 

\vith pcriodic boundan conditions. O L  .~ - ,  . . 
(Bi  Coinparison benveen isotropic 0 20 40 60 80 100 120 

tcrnperaturc factors a\-craged over Residue number 

the main chain atoms as deterni~ned 
in the classical refinei~lcnt (10) (solid lines) and as retrieved froni the trajecton collected froni t = 4 0  to 
80 ps (dashed Ilnesi. The lsotroplc 13-factors froni the All) cnscrnblc \ \ c~-c  obtaincd as a incan square 
fluctuation around one single a\erage conformation ofthe protein. \\.liich means that thcsc B-factors for 
thc hvpermobilc regions contain contributions related to dicerent atomic c q u ~ l ~ b ~ - ~ u r n  pmitions and 
therefore reflect mcrelv tlicil- livpcri~~obilin. The correlation coefficient ben\.een the clas\lc~~l cnst.lllo- 
graphic tcinpcrature fictors and the isotrbpic temperature factors der~ved froni the siniulat~on I \  0.45 
for d l  937  non-hydrogen atoms: divegarding thc outlier\ I A R  > 20  .A) Improves the corl-elation to 
0 73 for 640  atoins. 

reflections bcn~.ccn 1.75 and 1 .70  A resolu- 
tion. the R-factor drops froni 0 .236  t o  
0.104. At I o n  resolution the K-factor rc- 
mains some\vhat higher. ( 0 . 1 5 9  for reflec- 
tions benveen 8 . 0  ancl 6 . 3  resolution) 
beca~lsc for tllcsc data the solvent continu- 
um contributes significantly to  the structure 
amplitudes. In this csplorati\.e study the 
bulk uatcr  in the cns ta l  \vas not simulated 
and this onlission caused errors at lo\v rcso- 
lution. During the simulation all tenipera- 
mre  factors \vere kept at 1 '4' and all atoms 
flucmatccl around tllcir average positions. 
Thus a high cn-stallographical resiclual, 
R - 0.65, \\as obscnccl for cach individual 
structure o f  the ensemble. .-\ftcr averaging 
the strucmre factors of  all structures in the 
cnsernble, the R-factor dropped t o  0.098. 
\\.hen all data lvith I F ,  > c r i  bcnt.ccn 8 and 
1 .7  resolution \\.ere ~ l s e d  (see Fig. l B ) ,  
~vhcrcas the residual o f  the classicall!. retined 
model is 0 .171 ( 10). This reduction in R- 
factor \vas obtained \vhile a good gcomctn. 
of  the structures in the trakcto? \vas rc- 
taincd ( 1 + I ? ) .  

Perhaps more important is that the cn- 
semble of  structures contains information 
on  the mobili? of  the protein niolccule in 
the cnstal  latticc. An impression of  tllc 
atomic fluctuations is obtained b!, inspect- 
ing C a  tracings of  BPLA: models occurring 
at 4-ps intenals (Fig.  2.1). As espcctccl, tllc 
interior of  the nlolecules sho~vs  only small 
fluctuations around the a\ erage atomic posi- 
tions. In contrast. some surface residues 
appear to  be highly n~obile.  e\.en \vith re- 
spect t o  their backbone conformation. This 
motion involves residues Gly" t o  GI!.", 
\'a16: t o  \Talhh, ~ e r - ~  to  ~ l u " ,  ancl the 
COOH-terminal loop Asn'l7 to  C!,s1'? Fig. 
2Bi.  Thcsc last three rcgions are also the 
onl!. thrcc rcglons that di%>r significantly 
ben\ecn pho\phol~pasc A. from the Ct(l1~11~o 
i ~ r t o ~  \ cnom and the box rnc cnz\ nic (1 3 )  

Furthermore, loops 3 0  to  35, 6 2  to  66, ancl 
117  to  123 are thought to  be part of  the 
blndrng srte o t  aggregated phospho l~p~ds  
( 1 8 )  Hcncc, the obsened  f l ex~br l~n  for 
these loops could ucll  be important f i r  the 
interaction of  the protcin ivith the layer of  
polar heaclgroups b f  the aggrcgatccl phos- 
pholipids. 

In  the case o f  BPLA: the mobile loops 
appear to  have one major conformation. 
~vhich is obscn,ed In the electron dcns in  
map. , i s  an c\,u~lple \ye sho\v 111 Frg. 3 n \ o  
residues from the mobile loop consisting of 
residues 77 to  81. The clcctron dcns in  of  
the singlc distinct conformation is repro- 
duced \vrth thc stnlcnlre factors of  the en- 
semble in '1 (2IF,  - l(F,)l)csp~cu,, map 
I Fig. 3B) .  \\,here a,,, ~ t a n d s  for the phase o f  
(F,). An clcctron dens in  map, similar t o  the 
one sho\vn in Fig. 3R. is bbtained a h e n  
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only calculated data arc used. that is, lvith 
coeficients ( l(F,))cspla,, . This result 
sholvs that the large spatial distribution o f  
the atonms sccn in Fig. 3 C  results in a clear 
electron dens in  for this loop t h ~ t  is missing 
only the electron dens in  of  the side chain of  
 AS^'^. The  appearamce o f  electron dens in  ~t 
the position of  the side chain atonms of  ~ s n ' ~  
in the classical map (Fig.  3A)  might be 
caused by niodcl bias from the fill1 occupm- 
q of  the single site isotropic model. Fur- 
thermore, the discrcpatmcy in isotropic teni- 
peraturc factors (Fig. 2B)  for thcsc v c n  
mobile regions can be csplaincd by the fact 
that classically determined U-factors rcfcr t o  
the main conformation only, \i.hereas the R- 
factors retrieved from the ensemble t:&e all 
major amd minor conformations into ac- 
count. This result nmcat~s that the interpreta- 
tion of  the most frequently occurring dis- 
tinct confornmation for the loop 77 to  81 in 
the conventionally rcfincd stnlcture is csscn- 
tially correct, although this conformation is 
only valid for a limited fraction of  structures. 

An important parameter in thcsc cnstal-  
lographically restrained XID simulations is 
T,. The crystallographic restraint (see Eq. 1) 
is nonconsenative and leads to heating, 
which is dependent o n  the magnitude o f  T,. 
The longer T, is, the less heating is obscned  
( 1 4 ) .  According t o  ( 8 )  , T, should be chosen 
to be as long as possible but still roughly at1 

order o f  magnitude smaller than the length 
of  the simulation. 

The method we present can be extended 
by including the solvent continuum and the 
cnstal  lattice explicitly in the simulation, 
which implies application of  the periodic 
boundan  conditions ( 1 9 )  t o  the unit cell 
and addition o f  the bulk water. Most likely 
this should improve the correlation benveen 
obsened and calculated x-ray data, particu- 
larly at lo\v resolution. Additional improvc- 
nment can then be obtained by replacing the 
vacuo parameter settings o f  the MD force 
field by the physically more realistic parame- 
ter set used for simulation in Lvater ( 4 ,  20). 
Furthermore, t o  model static ciisorder o f  a 

Fig. 3. Coni>arison of electron dcnsin around 
resid~les ,L5n7' an: , k n N )  based on the chssical Fc 
(10 )  and on (F,) from t = 40 t o  80 ps. ( A )  
Electron dcnsin cdculated with coeficients 
(21F,1 - iF,i)esp(ta,) contoured at In. The thick 
lines show the atoms of the classically refined 
single site isotropic model ( 1 0 )  (see below). (B)  
Electron densit). calculated 1~1th cocficicnts 
( 2 F ,  - 1(F,))esp(ia,,) contoured at In. lvhere 
a,, stands for the phaw of the average stnlcture 
factor. The positlon of the classically rcfincd 
model corresponds w.cll \\.ith the electron densin 
obtained by the procedure described in this re- 
port, although the atornlc positions in individual 
stnlcnircs of the cnsemble van cons~derabl\ (scc 
below.) (C )  E~gh t  structure of K1'I.A2 (thln 
lines) at 4-ps 1nten.als from r = 4 0  ps o n \ v ~ r d .  

cnstal  it may be required to  perform sepa- 
rate XID runs with different starting models. 
Hence, \vhcn simulating a cns ta l  esplicitly 
amd sampling for a longer time (T,), at1 even 
more reliable cnsemble of stnlcturcs a t ~ d  
further agreement with the espcrinmcntal 
data is to be cspcctcd. 

In the case of  BPLA? only '1 fc\v nminor 
coordinate errors Lvere present in the start- 
ing niodcl of  the s in i~~la t ion,  for instatmcc. 
ivrongl!. placed C6 of  LCLI" o r  the ivrongly 
placed solvent-accessible side chain o f  hrg4'. 

These errors \\ crc corrected automatically in 
am early stage of  the simulation. that is \vhcn 
T, \vas small a t ~ d  the ~ndividual isotropic 
tcnmpcranlre factors \rere still 1'1rgely pre- 
sent. Thus  it is concei\,able that the tcch- 
niquc might also be usefill in the refinement 
of  the single stnlcnlre ~tself .  Briinger ( . ? t i  
sho\ved that \vhcn a series of  structures 1s 
generated by classical 111) rctincmcnt. large 
fluctuations m'1y indicatc cithcr disordered 
o r  erroncously fitted segments of the mole- 
cule. For the time-a\.eraged restrained simu- 
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lation it remains to  be seen what the effects 
~vill be lvhen the starting model contains 
large intrinsic errors. Moreover, tbr struc- 
tures successfi~lly refined at high resolution 
by classical procedures, the occurrence of 
large errors is most unlikely, and these struc- 
tures are therefore good starting points to 
s t ~ ~ d y  the anisotropy and anharmonicin of 
the atomic distributions in the moleculc b!. 
the method we present. 

Time-averaged cnstallographically re- 
strained ML> sho\vs that phospholipase A: is 
more flexible than single sire isotropic mod- 
els obtained by classical cnstallographic re- 
finenlcnt techniques would suggest. Large 
deviations from the main conforll~ation are 
obsen-ed, and these are likely to  be impor- 
tant for the fi~nctioning of the molecule. 
Time-averaged cn.stallographica11y re- 
strained MD, when applied to structure 
refinement, allo\vs for more mobilin and 
better searching of the conformational 
space, in comparison to least-squares meth- 
ods and M D  refinement procedures (5, 6). 
and provides a more complete representa- 
tion of a biomacromolecule by calculating 
the ensemble of structures based on the 
experimental data. Accurate kno\\,ledge of 
molecular dynamics may prove useful in 
various fields of biochemistn.. 
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Possible Early Pennsylvanian Ancestor 
of the Cycadales 

A specimen of  Lesleya, previously known only as isolated sterile foliage, has been 
found with two rows of  ovule-bearing receptacles on opposite sides of  the petiole. This 
specimen is from the Lower Pennsylvanian (Namurian B or C) of  western Illinois. The 
fertile portion of  this specimen is similar to Phasmatocycas kansana Mamay from the 
Lower Permian of  Kansas and Texas, which Mamay interpreted as an ancestral form to 
cycads. Phastnatocycas was found attached to the base of  Taeniopteris by Gillespie and 
Pfefferkorn. The foliar portions, Lesleya and Taeniopteris, have many features in 
common; the major m o ~ h o l o g i c  difference is curvature of the veins. &sleya and its 
attached fertile petiole are proposed as ancestors of  Taetriopteris and Phasnratocycas, 
and ultimately, the ancestors of  modern qcads. This extends the age of  known 
precursors of  cycads back from the Early Permian to Early l'ennsylvanii (about 320 
million years ago), approximately 35 million years earlier. 

D URING THE PAST 20 YEARS. SEVER- that cycads nere derived from plants Ivith 
a1 fossil discoveries have 5hed light entire leaves ,~nd  that compound leaves nere 
on the question of the origin of derived as suggested by Mamay [figure 11 

?cads. Delevon,as ( 7 1  suggested an origin of (511. 
\vithin the n~edul los~~n pteridosperms. H e  Several sites in \vestern Illinois have vield- 
suggested that c!.cads atid cycadeoids \\,ere ed significant information about ' ~ a r l y  
derived from slender plants bearing com- Pennsylvanian nons\\.amp floras, both on 
pound leaves. He (21 compared the Pennsvl- their o\.erall composition and on individual 
\.anian pinnately c o n ~ ~ o ~ ~ i l d  Errtiroprcrii ='I- taxa n-ithln the -floras (6, 7). The Allied 
rtrioides (Bcrrrand) Kidston and Permian Stone Company q u a r n  in k1/lilc~n, Illinois, 
Tirisicya rt7sat;a Mania! to  compound early (8) has been a major collecting site for nearly 
'?cad foliage. 15 !.ears and continues to produce new 

Xl,u~~ay (-3). on the other hand, in describ- species and genera as \yell as n e u  data on 
ing .~17/111~0i)'(~ls and P l ~ < ~ ~ t t i t ~ ! ( l i ) ' i t ~ ~ .  suggested h ~ o ~ v n  t a d .  
that c!.cads \\.ere derived from Plants \vitli Spcci~llens described here nere collected 
entire leaves. This \vas borne out b!. Gilles- from Lo\ver Pennsylvanian sedimentan 
pie and Pfktferkorn ( 4 )  \v l~o  found 'f;~r.triop- rocks \vhich fill channels eroded in the De- 
icriz attached to P l i t ~ ~ t / ~ i ~ i o i ) , i ' ~ s .  The material vonian Cedar \'alley Limestone 18). The 
described here pro\.ides additional evidence fossil-bearing str'lta consist of \hale, silt- 

r)cpamilcnt clt-Gcol I l l l n  (,], SrJtc ~ l l l s c u m ,  Sprlne. stone. sandstone, and occ'~sion'~l thin con- 
field. II 61706 glomerate. 
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