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Abstract

The role of timo cross correlation functions induced in Hquid water by prolcin function and dynnm:cs is dls-
cussed in the context of recent computer simulations of the gramicidin chnnncl by Swamy and Clementi. On,
the basis of lime autocorrelation functions altrendy computed for this syslem such as the orientational nnd
lincar vclocmy auto-correlation functions of the water molecules nmngcd around the gramu::dm chunncl itis
concluded that cross corrclation functions can play & determining role in protein function by controlling the
aqueouns solvation dynamics at a l’undnmcnul. single molecule level. In the manner of Caren, o whom this_f:‘
 article is dedicated, this shows how details of molecular dynamn:l at fundamental level can be umd to
_synlhcslsc manroscoplc protcln l'lmcuon by using thc global approa.ch to computcr limulation. |
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In a n:cl:nt nnrclc at the Inll:mntional Symposmm on the Strucl.urc and Dyuamics of Nucleic Acids and Pro-
teins! Careri mggutcd that when dcaling with thc complcx dynamics and lunction of pro'elnl it should be
~ considered how “a macroscopic descrlpllon level of biological significance can be relaied to the knowledge of |
: m:cromplc physical details”. In this article, we illustrate this statement with rcgnrd to the solvated dynamics
. of protein segments as computcr simulatcd?4 with intcraction potcntinh derived ab iaitio. Particular emphasis
. is put.following Careri}, on the role of timc dcpl:ndl:nt staustlml cross oormlntion functions, which control
the individual molecular, ionic and residoe dynamics at a fundamcnu.l level, and then:l'on: Iud directly to an
explanation of how a protein functions at intermediate and macroscopic levels of description. In the spirit of
Careri's work!, this is a direct application of the fundamental laws of physics to realistic biomolecular
:ystcm:: I) ion trnnsport through Gnmlcidm A (GA) transmcmbrane chanuoel, and 2 the hydral.lon structure
and dynamics of B and Z DNA in the presence of counterions.

The present article is based ‘on previous workZ3 by Swamy and Clementi who have carried out a state of the
~art computer simulztion of these systems on the ICAP | and 2 systems at the Laboratory for Scientific Engl-
~ neering Computations at 1.B.M. Kingston, New York. In the DNA simulation, for example, both B and Z
DNA were investigated in a solvated cnvnronmcnt that conmmcd water moleculu and counter lons. The
nucluc acids were held nmd. one turn ol‘thl: B-DNA helix was considered in thc prescence of 1500 water
molc:culu and 20 K counter ions. Onc turn of Z DNA was considered in thcprt:scnce of 1851 water moloculcl
and 24 K countedons.ln both the DNA and grmmc:dm syttcms the structurnl and dynamical propertics of
" the water molecules solvating the counterions and the phosphate groups were invuug.ntcd in somec detail.
Diffunion cocflicients and linear centre of mass velocity nutocorrclnuon functions were computed both for the

~ ions and the water molocull:s. The velocity autocorrelation ﬁmcuom for the ions showed libration in a cage,
- and the dipole (oncnuuonnl) autocorrelation functions for the water molecules indicated that those close to

 the helix retain memory of their initial orientations for longecr intervals of time than thosc away [rom the
helin. The probability distribution functions for the ions showed a well defined pattern suggesting lmnted
_mobihty close to the helix. For gramicidin the appllcnuon of an electric ficld showed that jon u'nnsport

through the channel was helped considerably by the presence of two :olvaung water molecules, without which
the process did not occur. Video animations clearly Mustrated this proous.

DyﬁmiuofnmianA

. Thl: network of water inolecules solvating DNA has been simulated and described in detail using Monte
Carlo simulation by Clcmcntl and Corongiu* and these results are reproduced in Figs (1) to (4) reproduced
. from their paper. - The water molecules are arranged in solvation cclls around the DNA helix. In the first
" solvation cell we have wat:r molecules bound to hydrophilic sites end near hydrophobic sites, the latter acting
as ‘bridges between the l'ormcr Thus, the first solvation shell contains n bound distribution of water mole-
- cules, the difference between the total and first solvation ccll distributions defines the mqjor and minor
groovcs as mmtigatcd using Monte Carlo methods by Clementi and Corongiuf.

_ _Thc dymmlcal propcrtlcs ol‘ thuc mtcms were first invcsugntod by Swamy and CL.:m::mil-J by d:viding the
; oomputcr slmulntion into n:w:ral cylindrical sub-shells of radius 3.0 A wuh orlgm at the ccnlrc of the helix.



Fig. : Water molecnles contained in a disk of 4 A thickness and lolutmg B-DNA (A) and Na B-DNA
(B). Reproduced fromreference ) ol' this paper.

Fig. 2: Water moleculcl solvating the h hl:lur. and h® helix in B-DNA, (A and B rcspecﬂvcly). chrodumd
' ﬁ‘om reference (4) of this paper.

The sub-shell furthest from the helix contnins bnly water molecules. The dynamical properiies were computed
' in each sub-shell and compared with thosc avcraged over the entire system. Thesc authors l_‘o_u_ri_d,thn'; the
auto-correlation function of the water molecule’s dipoic moment (the “orientational - -a.c.i.”) dccays mon-:'_
quickly in shells away from the helix, and l'or mb—sht:lls five to cight the behuviour is cssentially that of free
‘water. The Debye relaxation time for B-DNA was simulated as 25.7 ps, 10.1 ps and 3.0 ps for shells 2, 3, nnd _

8 respectively. The corrcsponding numbers for Z-DNA were 8.8, 6.2 and 3. 0 ps rc:pcc.liw:ly.
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Fig. 3: Metwork of water molecules in B-DNA (A) and Na B-DNA. Reproduced from reference (4) of this
' paper.

The linear velocity autocorrelation functions for the B and Z DNA solvated systems were computed for the

complete system for the counter ions. The ion linear velocity a.c.[.’s are damped oscillatory, and characteristic

of rattling motion ina potential well. The complete velocity correlation function of the water molecules in the
first hydration ccil was also computed, as defined by

| < vs(i)o V r(0) >
 Csl) =
. < ) vs(0) @ vo(0) >

I [ g

(1)

- and where the summation extends over all the water molecules that form the first hydration shell (all those
with dﬁygcﬁ stoms within 3.4 A of the ion, the first minimum in the oxygen-ion radial distribution functions).
* For the velocity a.c.f.’s close 10 the helix, there are high frequency oscillations which gradually disappear. In
" ref. (2) p- 1923 it was mentioncd that time cross corrclation functions would be reported, and these are pre-
dicted theoretically in the next section. The a.cf.’s a described in references (2) and (3) show clearly many
novel featurcs of the dynamics as originally simulated2.3 by Swamy and Clementi. For c:r.n_mplc.,lhé' helix has
. a tendency to pull waters around, forming spiralling density gradients. This is a chiral ficld influence which
“will be nnnlyud in this work in t:inis of cross corrclation effects gencrated by the application of the newly
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Fig. 4 Bottom left: projecuon ol‘ the statistical distribution of the twenty counter ions in the X-Y phnc ol‘ '
B-DNA. Bottom nght: same, X-Z planc; TOp-right, as for bottom nghl, but with commcung helices

for the jons rather than phosphate groups; Top-laft, combination of top right and bottom nght for
more than onc B-DNA turn. Reproduced from. reference (4) of this paper. '

develcped methods*10 of group theon:ucn.l statistical dynamics. The ions tend to spcnd most o!‘ thur time
close to the helix, and in consequence l.hr.lr simulated diffusion coefficient is much smaller than in a free ionic
environment. There is a wcll defined oountenon pattern, as previously suggested by the work of Clement] and -
Corongin, using Monte-Carlo nimulnuan" Thm nrmngcmcnts. reproduced from ref. (4), iu_'n illu.slmwd in
Figs. (1) to (43) pf this paper. Further illustrations arc provided by Swamy and Clement in refs. (2) and Q). ;
~andina \ndco animation by Swamy available tmm Dept. 488 / 428, LB.M. Kingston. '
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.. The Principles of Group Theomtlcll Stlﬁsﬂcnl Med:inlu

_Before conndcrmg the ncwly di:\"l:lopt:d pnm:lples of and blckground to, g,roup lhcon:tlca.l statistical
mecchanics, we refer to some remarks by Careril which seem to presage the need l'or invuhgnting siatistical
Cross com:laﬂons. Careri refers to thesc in a slightly different context from the one 10 be pursucd here, but it
is wurt.hwhilc on the occasion of this Special Issue to quote his recent vicws as follows (n:l'. (1), p- 10). “Once
n sct of relcvnnt macrovariables is idcnuﬁcd, one should procetd to find their smﬁsllcal cmss-corrclations to
. derive the natural laws which describe the bchavnour of this macromolecule. Such is the final alm of this
" (local) dcu:npuon level, nnd it is obviously quite remotc because of the nonlincar coupllng which exists
between macrovariables themselves. In the linear Onsager regime, the coupllng between the time derivatives
 of statistical mlcrovnnnbles ([luxu) and the u:nlropy changes connected with the variation of these macrovar-
mblc: (gcnmhsed forces) can be t-lutnbly expressed to let the kinetic coupling between macrovnrinblc: them-

sclves appear in the Founcr componcnts of thcu' time fluctuations. Therefore this linear treatment already

concerus velocities as well as space variables of the system, and it is already a considerable improvement over
cthbnum thcn:nodynamscs, where only static quantitics are considered.”

Thc pnncip]a of 3roup theoretical statistical mechnmcs. together with the new fluctuation-dissipation theo-
' rl:ms of Evans and Morrissi!, arc used as follows to provide suppon. for the nced 10 investigate statistical
cross con-clnuons between molcc:ﬂnr dynamical variables at the fundamental level. These cross correlations
are assumed to propagate to the lcvcl considered by Carcn' and provide a way of extending the Onsager
'Ru::proml Pnnc:plc operative at ficld-free ‘equilibrium, or othcrwise close to equilibrium, to the non-
- equilibrium smu:uul regime described in detail by molecular level time cross corrclation functions (c.c.f.’s)
mentioned in refl (2) by Swamy and Clcmenti. These can be computer simulated in detail'>. In the

solvation shells closc 1o a DNA helix there is a strong ficld influence which affects the time dependence of

non—cquihbnum statistical mechanicai processes and equilibrium time correlation functions such as those in
the workll of Swnmy and Clementi.

The prinaplcs lhcmlclvc: arc based on the application.of thc fundamentals of point group thcory to statis-
tical mechanics in the labnmlory frame (X, Y, Z) and in the molecule fixed frame (x, v, z) of the molecular
point group chnmctcr tables. The relevant point group in (X, Y, 2) Is the rotation-reflection group of three
- dimensional isot.roph: :pncc. Ry (3). The irreducible n:pn:scntnuon: of this point group arc the well- known D
representations?t-B. In tlus notation a ﬂ:ula.r quantity is denoted D, a pscudoscnlur is DO, a polar vector
- such as lincar velocity is D (M, an axial vector such as molecular angulnr velocity or orbital angular veloclty._
s D (1), and higher order tensors arc dcnou:d by gor u subﬂ::npts and highcr order superscripts. The former
denote whether a quantity is even (g) or odd (u) to parity reversal, i.c (X, Y, Z) — (-X, -Y, -Z) and the Iatter
. the order of the spherical harmonic. The symmclry ngmtun:: of time correlation functions arc ducﬁbcd
using the Cicbsch-Gordan Theorem to determine the D oomponcms of the product of irreducible represent-

o _iﬁotm of the individual dynamical components of the time correlation function. For example, the symmetry
~ signature of the generic 'nuid-oortcihtion function in frame (X, Y, Z) is
TAIF @A) - D(“Dmlbmbm D + D“' + D @

- dcpeudmg on whether thc vector A is even (g) or odd (u) to parity revcrsal symml:u]r In cqn (2) the Clebsch-



DWD . prtmd 4 4 ptls—mb) )
_ hubecnumdtoexpnndtheproductofDreprummﬁom.lncqns. (2)nud(3)w¢have-munadthntthc'

symmetry signature of the ensemble average is the snme as that of the quantity bcmg avuragcd, -nm:pnﬂng
the first prmciplc of group thcorcticul statistical mcchnnu:: (g.u.m.)

Principle 1, Nmmnnu'l Prlndph:

The thermodynamic ensemble average <ABC....> over ABC...; oxists in genersnl if the produ::t of symmetry

representations of A, B, C,... in the point group R, (3) contains at least once the totally symmetric represen-
tation D .

Principle 2

This ensemble average cxists in the frame (x, y, z) of the molecular point group if the prodw:t of symmetry

representations of A, B, C.... in this frame oonuuns at lcast once the totally symmetric mprcnunt-hon of the
molecular point group.

Principle 3

Innstcadymtclnthcprcwnccol‘anapplicdﬁddncwcmcmblcavmmmnyappcnrwhosesymmeuyn_,
that of the ficld.

Application to the Hydrated Protein System

The npphcnticm of lhcsc threc principles to the protein systcm considered by Clementi nnd co-workers muy be
made by oonsidcrlng the DNA or gramicidin helix as forming a field which allects the dyn.lmit: of the
enscmble of water molecules and counter jons. The helix field will be most effective in the inner shell, and
Icast cffective in the outer shell as defined by Swamy and Clementi. Therefore, the nnturcoflimﬂcrou-

' COITCIII.IOD ﬁmcuons will gradually become different from i inner to outer hydration shell. In the shells ncamt
“the helical segment of DNA or gmamicidin it is cxpecled that principle (3) will be cﬂ'cclwu, and enscmble
averages will be induced with the symmetry of the helix field. Assuming, for example, that this exerts a Z
axis clectdce field of DD symmotry, time cross correlation functions of this symmetry will bo mtpccted in thc —

laboratory frame in the innermost hydration cell. An examplc 1834 the cross corrclalion ﬁ.un:hon bctwe:n
molecular linear and angular velocity

-crr(O)mx{r):-—--:rx[O)mr(l):» L | | - | (.4)"'

whlchul vector product with the same D) symmetry as the stdcctnc ﬂcld_ Tlus typc ol'limecrou'

correlation function controls the aqueous dynamics in the mncr shell and is induccd in the hboratory l'ranu: E
bylhclnumcdmlzrnﬂselcctncl'cldgcnmlcdbylhchcﬂx '

- The rcsults of Swamy and Clementi mongly mggcst that some lund of ﬁcld is cxl:rtod by thc hehx bl:qum:_'
- the orientational and llnnr diffusional dynnmlcl of thc inner shell water molccule: are mnrlccdly dlffcrcnt'_ .



l'rom those of free watcr These “bound water™ dynnmics are more cxtcn:ivcly cross com:lntcd. We have -
mumcr.l m amvmg at eqn. (4) via prnciple (3) that the mﬂucncc excried by the helix on the water moleculc
d_vnamics isa nmplc Z mxis clcctnc ficld in the first approximation. A more realistic ammplion might be
that the hellx gencratcs n helical ﬁcld, which produo:s a chiral influence on the innermost shell water mole-
_ culu.Thc symmeu-y o['lhuchim]ml'lucnccualdcl'ncd mccntly by Barron?s i.e. odd to parity reversal sym-
_ melry and even to Iimc revcrnl symmctry The simplest type ofchirnl ficld has the :ymmetry sigoature

and is cnpablc of icttlng up mlar vector and tensor typc Cross corrclalmn functions in the innermost
hydnnon shell of Swamy and Clementd. These cross correlation functions are ung-mdc to parity reversal
symmctr_v, consisting of trace, vector (time anti symmetric) and tensor, (time symmetric) componcnts analo-
gous to those mu:ntly dlwow:red in a shearing field (of gerade symmetry) by Evans and Heyes?6-28.

'Utilismg the moleculn fixed frame of thc stnndard point group chnmctcr tables of group theory prmndu. -
another means of mvcsugntmg timec cross correlation functions in the shells defined by Swamy and Clementi.
In t]n: molecule fixed frame it is known from the extensive computer simulations of the present author?? that
cross com:lnuon functions exist as determined by principle (2) of group theoretical statistical mechanics, both

in the presence and abscncc ol‘ extermal fields. In this fmmc therefore, it would be possible to mmﬂgnu:
" d[rectly the difference in stlm:ﬁcnl cross corrclations from incrmost to outermost hydration shells. A Iarge sct
of such cross corrclation functions is avnilnbli_: for fine-tuned investigations of this type.

Wc note finally thnt these methods can be applied to all parts of the systcm for example the counterions and
| intra-helix dymumcs as well as those of the aqueous hydration shells.

I.l;ik .m. New n..cmao*...m.;.ao.. Theorems

G. P. Morriss and D. J. Evans!! have recently dcrnu:d an important new theorem which links applied forces

and dwtipmnn: fluxes in atomic and molecular cnsembles for arbitrary field strengths. This thecorem has

- recently been used by M. W. Evans and D. M. Heyes® to extend prlnc:plet (l) to (3) to non lincar processes
and ficld induced trnnsu:nts linked by the Morriss / D. J. Evans Thecorem to Induccd cross correlation func-

" tions. These generalise the Green Kubo and Onsager Casimir relations and are nppllcnble for transient

: dynmmc: in the first hydration shells of the segmental protein fragments considered by Swamy and Clementi.

This offers much scope for future computer simulations, pionecred by Clementi and co-workers, and for
direct applications of physics to blomolecules in the spirit of Careri.

: Acimow!edgéﬁ:cnts The Universitics of Lancaster and London are thanked for honorary positions, and
1.B.M. for' an invitation to participate in Dr. Clementi’s Visiting Scientist Program at Kingston, New York.
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