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ABSTRACT

The ($, ¥)-values obtained from the crystal structure data of twentytwo globular proteins
have been used to obtain the less understood torsional potential functions V,{(¢) and V, (§), for
rotationsaround the single bonds N-—-C% and C*—C respectively, in polypeptides. The method deve-
loped to ebtain these functions, from an analysiS of the crystal structure data and energy calcula-
tions on dipeptide units having different side chains, is discussed very briefly. The newly obtained

torsional potential functions are: V, (¢)
— 1:0 cos 2y +30°)— 0-5 cos (3¢ 4 30°).

an *averaged’ dipeptide unit, using these functions, is found to

—— 1:0 cos (¢ +60°) and V; (¢) =— 05 cos ($ + 60°)
The (4, ¢)-Ramachandran energy map obtained for

be In very good agreement with

the energy map obtained from the experimental protein data,

INTRODUCTION

HE prediction of preferred co:nformations of

polypeptide chains, obtained by using semiempirical
potential energy functions, depend on the ascuracy of
these functions, Ramachandran?® has indicated that the
potential functions, which asje commonly used fo
predict the conformation of biopglymers, must be
tested using data obtained from various physico-
chemical methods on related small molecules and
maicromolecules. In thisS connection, from the
studies on the packing of molecules in the crystalline
state, it was shown that the nonbonded potential
¢nergy functions used in this laboratory, as well as
the functions used by various other groups for the
study of biopolymer conformztion, give data which
are in good agreemsnt with experimental resuits?
However, studies c:ried out in our laboratory on
mode! compounds using semi-empiricel quanfum
chemical methods have indicated that the torsional
potential function V, (¢), for 1otations ¢ acound the
single bond N—C%, is small*, while the to sional
potential function V, ($), for rotation around the
C%—C single bond is mainly two-fold in nature, with
a large barrier of the order of 4-0 kcal/moles. From
these studies the function V, () was suggested to be
of the form

V; () =V, (1= cos 24)
with
V,),_v,n = 4-0 kcal/mole, (1)

This is different from the previously accepted func-
tions both in the form of V, (¢) and the value of its
birrier. Thus there is a need for a furthe: 1nvesti-
gition in order to obtain the conect nature of these
lcss understood potential energy functions, V, (#),
and V, (), for peptide units. Therefore, we have
analysed the observel distiibution of tne quantilics
(4, ) in the crystal Structure cata of wwentyiwo
globular proteinsg and derived from thent the function

" *To whom reprint requests should be addressed.

V, ($) and V, (). The method developed for this

purpose is discussed, briefly in ithe next sectjon, and

the results are outlined in the succeeding seciion.

METHOD

In the semi-empirical conformaiional energy calcie
lations on polypeptides and proteins, the total poten-
tial energy is usually partitioned as

V = vtut = ¥nup T Vas T Vt () + Vt ()
+ V. + Vg, )

where, V . is the nonbonded interaction energy, V,,
the electrostatic interaction energy, V, (¢) and V, (¢¥)
are torsionel potential energy functions, V,, is the
hydrogen bond energy and V, is the solute-solvent
interaction energy, QOut of these, the last term is
least understood and very often it is neglected. We
shall also do so. Similarly, if only short range inter-
actions are considered, which form the dominant
factor determining the conformetion in globula:
proteins®, then V,, also can be neglected, Thus,
the totel potential energy can be written in the form

Vg, ¥) = Vi(d, ) + V, (4, 9) (3)

where
Vi=V,, + VY, (4)

and this term ts dependent on Jhe nonbonded inter-
atomic distances ry;, and

\E (‘35: ) == Vt,ﬂr (‘?S: ‘)t') = V; L¢) -+ Vt (llb) W)

and this term is dependent only on the values of the
dihedral angles ($, ¢¥). OF these, the total potential
energy In equation (3), namely V (4, ¢¥), can be deter-
mined for each aming acid residue frgnt the observed
distyibution P (¢, ¢¥), in the (&, ¢)-plane, as obtained
from the (¢, ¢)-data in a large number of proteins,
using the Boltzmann relation?» 8:

P (4, ) axexp— V($, $)/RT. (6)

On the other hond, Vi (¢, ¢) can be calculated, for
cech amino pcid residue, using the known potential

energy functions V,, and V,, for which the paramgters
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employved are well established. We have used, for,
this purpose, the 6-exp nonbonded interaction poten-
tial function with the constants given by Chandra-
sekaran and Balasubramanian®, except for those
involving hydrogens, for which a softened potential
is used, by reducing the van der Waals radius of
hydrogen by 0-1 AW, The electrostatic encrgy
V,, was calculated using the monopole approximation
and an effective dielectric constant'Z,

Knowing V and V,, the effective torsiona] poicie
tial energy, Vi (4, y), was deduced using eq. (3).

Torsional Potentials from Observed Dipeptide Conformations
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RESULTS AND DISCUSSION

The functions, V,($) and V, (), thus obtaineg
after three cycles of refinement for a dipeptide ynit
containing an Ala side chain, are

V, () = — 1'0cos ($ + 60°) — 0-5cos

X (29 + 30°) (10)
and
V() =~ 0-5cos(y +60°)~ 1-0cos
X (2¢ + 30°)— 0-5cos (34 + 30°), (11}

Applying these torsional poiemial functions, the vaiue

This was then analysed 2s the sum of two compo-

nents V, (4) and V, (), as in €q. (4) and cach was
represented as 2 sum of Fourier components of the

form

V,(8) = Vg, cos (@ — 05y + Vgacos (20— dgy)
+ Vgq cos (38 — Ogs) (7)

in which V, (§) 2nd V, () are obtained by substituting
for &, 4 and ¢ respectively.

To start with, V, (4) was put equal to zero, as indi-
cated by Kolaskar efalt and the experimental data
for V,,, () were obtained by summing the experi-
mental data of P, ($, ) over the variable ¢ and
thus obtaining P,_, (¢), andthen using a formula similar
to eq. (6) to cenvert P, (¥) into V., (). Similarly,
Y, () values were obtained from theoretical studies
on dipeptide units while V, () values were got using
eq. (3). The Fourier coefficients Vy,, Vy. and
Vs s well as the phase angles, Odis dya and 54,,, were
obtained from these data of V, () versus ¢ by stan-
dard procedures. These velues were refined by cal-
culating back

8
Vin #) = V1 () +EZ' Vyrcos(kd— 04,)  (8)
=1

and converting these into theoretical probability data
viz., Py, (4). Then, Vy, and Oy were refined by find-
ing the best fit between Py, (¥) and P (§), asjudged
by the value of the R-factot

> ' Ptl': — P
2P,

Having thus refined the J-potential, this was used to
obtain Py, (#) from V,, (4, %) and V ($), in exactly
Jhe same manner 2s was done for the yY-potential.
Then V,,, and 5¢k (k = t, 2, 3) were determined, first
roughtly by Fourier analysis, and then refined by
making use of the R-value. This completes one
cycle of refinement,

In the same way, three cycles of refinement were
carried out, first by summing over ¢ and analysing
V,({), and then by summing over ¢ and analysing
Y, ($), each time. The accuracy attainable for VM
and V,, was only of the order of 0-5 keal/mole and for
Oga @nd Oy, was the order 30°

erp |

R = (9

of V{6, ¥) was celeulated, without including hydro.
gen bond energy, for en Ale side chain. For com.
pa{iggn with the Oobserved data of Pﬁ“ﬁ (:35, lﬁ), th{:
celculations were made for three values of +(C%)
namely, 105° 110° and 115°% and the totzl potential
energy was obtained es a “ weighted™ average of
these three. The distribution of V, (¢, 4) thus
obained is shown in Fig. 1 by Continuous lines, The

7
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Fia. 1. Isoenergy contours in the (4, ¥)-plane fcr
an 2lanine dipeptide unit at intervals of 0-5 keal/mole,
The continuous curves are drawn using values of
Vot (#s ¥) obzined from calculations using the func-
tions V, (¢) and V, (), as given by eq. (10) and eq.
(11). The dotted curves are drawn by using the
Py (6, ¥) deta of Ala residues from 22 gloibuler
proteins.

isoenergy contours are drawn 2t intervals of 08 kcal/
mole, above the sbsolute minimum, In the same
figure, the dotted curves costespond to the isoencigy
contours which were obtained from the values of
Py, (, ¥), calculated for Alaresidues, from the distri-
bution in the (¢, ¢)-plene observed in the crystal
structure data of the globular proteing mentioned
above, It must be noted tht we have considered
only those Ala residues which were found to occur
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outside the g-hehical region and have avoided the
influence of Jong range interactions to 2 very good
extent, Henge, this map, phtained from the observed
dipeptide conformations in protein structure data,
can be directly compared with that obtfained from
calculations on a dipeptide unit having an Ala side
chain, A glance at Fig. 1 would indicate the very
good agreement between theory and eXperimental
data. However, we would like to caution that the
experimental jsoenergy curves are approXimate as
we had to draw them using only data from about

300 examples.

Similar calculations were carried out on dipeptides
having Val, Leu, Ile, Ser, and Phe side chains, and
the functions V, (¢) and V, () were obtained in each
case making use of the experimental crystal structure
data from globular proteins and the calculated values
of V, (4, ¢¥), taking into acco'int the interactions
with the side chains and the to-sional potential for

the side chains,

These studies have given potential functions having
only marginal differences in the values of the para-

meters for the functions V,{¢) and V, (¢). Consi-
dering a}ithese functions obtained for the different resi-

dues, a function which fits best the experimentz]
protein data on these residues was deduced. This

is given by

V,(¢) =— 1:0cos (¢ + 60°) (12)
and
V, () =~ 0:-5¢cos (¢ -60°)— 1:0cos
X (24 4 30°) — 0-5cos (3¢ + 30°) (13)

These functions were then used to calculate the total
““averaged ” potential energy distribution in the
(¢, ¥)-plane, for the different dipeptide units having
side chains Ala, Val, Leu, Ile, Ser and Phe. The
potential energy values were properly normalised
and multiplied by a statistical weight factor propor-
tional to the number of examples of each type. The
potential energy map thus obtained is shown in Fig,
2(a) and its isoznergy contours may be compared
withthosein Fig. 2 (b), which are obtained by using the
experimental data P, (4, ¥) for the same siX amino
acid residues. It can be seen from Fig. 2 that the
experimental curves and theoretical ** averaged ’’ energy
contours agree very well. This amount of agree-
ment has never been obtained earlier between theory
and experiment,

It should be mentioned that the potential functions
(12) and (13) refer to the usual L-amino acid residucs,
For a D-residue, the corresponding equations will
be similar to (12) and (13), with the same Vg, and
VW“ but with §,, and 5,“ of the same magnitudes
s in (12) and (13), but of opposite signs,

Torsional Potentials from Observed Dipeptide Conformations
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FI1G. 2 (a). Isoenergy contours of Vi, (& ¥)

drawn, at intervals of 0-5 kcal/mole, for a dipeptide
unit, after properly averaging over different side
chains (see text). The fnctions V,(¢) and V, () as
given in eq. (12) and eq. (13) were used for the total
potential encrgy calculations,
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i, 2 (). Isoenergy contours, at intervals of 05
kcal/mole, drawn using the (4, ¢) data for Ala, Val
Leu, Me, Phe and Ser residues from (wentytwo'
proteins,  Note the very good agreement  between
Fig. 2 («) and Fig. 2 (h).

The results presented here clearly indicate that
the data on macromolecules, which are accumulating
very rapidly, can be used to derjve semienipirica)
petential energy functions, which can be used (U
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only in the study of maciomolecules, but also for
small molecules. The details ¢f the results presented
here are expecied to be published elsewhere.
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ELECTROPHORESIS OF *2P-LABELLED OLIGONUCLEOTIDES ON THIN-LAYER DEAE-CELLULOSE
FOR RAPID SEPARATION IN FINGERPRINTING

P. JAGADEESWARAN aAnND JOSEPH D. CHERAYIL
Department of Biochemistry, Indan Institute of Science, Bangalore 560012, India

HE two-dimensional fractionation procedure for

radioactive oligonucleotides, developed by Sanger
et all is now widely used in fingerprinting and
sequencing of nucleic acids. In this procedure
separation in the first dimension is by electro-
phoresis on a cellulose acetate membrane strip at
high voltage and in the second dimension on a
DEAE-cellulose paper. Brownlee and Sanger? have
employed chromatography on thin-layer DEAE-
cellulose for fractionation of large oligonucleotides,
especially deoxy-oligonucieotides. Grohmann and
Sinsheimer3 have noted certain advantages in
carrying out the first dimension electrophoresis on
thin-layer cellulose instead of cellulose acetate.
We have devised a simple procedure for carrying
out electrophoresis imn the second dimension on a
thin-layer DEAE-cellulose plate. In this method
voltages of the order of 50-60per cm can be
applied without appreciable heating effect and the
fractionation completed in a few hours.

EXPERIMENTAL

Mycobacterium smegmatis, used in these studies,
was from Microbiology and Cell Biology Labora-
tory of this Institute, DEAE-cellulose (0-85 meq/2)
and cetlulose powder (microcrystalline) were
purchased from Centron Research Laboratory,
Bombay. RNase T, and RNase A were from

Sigma Chemical Company, St. Louis. Carrier free
3°P-orthophosphate was from Bhabha Atomic
Research Centre, Bombay. All other reagents wer:
of apalytical grade.

Preparation of 32P-labelled oligonucleotides

32P-labelled total RNA was isolated from Myco-
bactertum  smegmatis grown with radioactive
phosphate in low phosphate medium#*%, 35S RNA

was separated by polyacrylamide gel-¢lectrophoresis

and digested with RNase T, or RNase A according
to the procedure of Sanger and BrownleeS,

Preparation of thin-layer DEAE-cellulose plates

DEAE-cellulose and microcrystalline cellulose i
the required proportions were thoroughly mixed
with water (6 ml per g of mixture) in a Waring
Blendor and the slurry was applied to glass plates
using a Desaga spreader with thickness setting at
0-5 mm. The plates were dried at 60-80° C.

Derermination of base composition

The radioactive spots, as revealed by autoradio-
graphy, were scraped from the thin layer plates,
eluted with 30% triethylammonium carbonate?
and digested with 0-2 M NaQH. The mononuclen:
tides were separated by electrophoresis at pH 3
on Whatman No. 1 paper using cold nucleotides a3
markers, and counted in a liquid scintiJtation countel.



