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ANALYSIS OF POSSIBLE HELICAL STRUCTURES FOR POLY(DINUCLEOTIDES).
EVIDENCE FOR LEFT-HANDED Z.DNA AND Z-TYPE HELICES
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Department of Crystallvgiaphy and Biophysics, University of Madias, Guindy Campus, Madras 600 025, India

ABSTRACT

The helical parameters n (number of dinucleotide residues per turn) and A (height per
dinucleotide) have been evaluated for single stranded poly(dinuclectide) helices comprising a variety
of dinucleotide conformational repeats. The (n—#h) plots as in poly(mononucleotide) case reveal
a single phosphodiester as the helix fcrming domain which shows a strong dependence on the
nature and sequence of sugar ting and C4’—C5’ bond conformations and the phosphodiester within
the repeat. The results together with conformation energy calculations uniquely characterise the
recently discovered left-handed Z-DNA?! and predict the possibility of other Z-type helices., Thege
are correlated to the occurrence of rrans C4°—C35’ bond conformation on 5’-side or a C2'-endo pucker
on 3'-side or both, in the repeating dinucleotide and may manifest in structures crystallised under
slightly different salt concentrations or growing conditions.

INTRODUCTION

USING the idea of **dinucleotide™, instead of

“mononucleotide ™, as the helix repeat, recently
we reoorted®»® the helical parameter analysis for
certain poly(dinuclzotides) comirising the preferred
C3-endo and C2'-endo geometries for the nucleotides
and the g—g~ for the phosphodiester. The results
of these studies revealed the sterenchemical possibility
of single as well as dsuble-stranded helices, possessing
alternating g2~ and tg~ phosphodiesters in succession
conccn itant with alternating C3-endo and C2'-endo
nucleotides similar {o proposals»S made inde-
pendently from experimental considerations. The
results also suggested the importance of this structure
in understanding the dynamical aspects of DNA
conformations, In continuation of our studies to
probe possible alternative helical structures for
nucleic acids, we have been carrying out helical para-
meter analysis, model building studies and confor-
mational epergy calculations by considering a variety
of conformations for the repeating *“ dinucleotide
jaoieties which include vanation in backbone C4'—
C35” bond torsion and sugar puckers as well as their
sequences, We describe here briefly the results
obtained in  relation tc the recently observed
Z-form®-8 of DNA which is characterised by a left-
handed twist with a * dinuclestide » rejeat instead of
tbe commonly focund form of nght-handed duplex
with menonucleotide reseat, The helical parameter
analysis using (n—h) plots as well as conformational
encrgy surfaces readily predict the left-handed Z-form
rather uriquely, but m addition alsc predicts stereg-
chemical possibility of other forms of Z-DNA possess-

* For correspondence.

ing essentially similar configurational features but with
different conformationis for the nucleotides and the
Junction phosphodiesier which link the repeating
“dinucleotide ”* mgieties.

METHOD

Figure 1 shows the section of a polynuclectide chain
depicting *‘ dinucleoside triphosphate ” as the helical
repeat along with notations for varicus torsion angles.
The helical parameters, viz., the number of repeating
dinucleotide moieties per turn (1) and the height per
dinucleotide residue along the helical axis (4), bave
been computed using the application of matrix methods
similar o those used in the study of helical parameters
of poly(mononucleotides)?, The helical parameters
so determined as a function of the P—O bends
between the dinucleotide repeats are represented in
the form of curves of canstant s- and hevalues and is
termed the (n—#) plot. The radii (¢) of the various
helical structures also computed as a function of P—0
bonds are superimposed on the n—h plots. Such
(1, ki, r) plots have been obtained for a variety of single
stranded poly{dinuclectide) helices which dsffer jn
the conformation of the repeating °“ dinucleotide .
Also conformational energies which include van der
Waals, electrostatic, torsional and anomeric inter-
actions'® have been estimated as a function of
phosphodiester P—O bonds both within and between
the repeating units 10 assess the energetics of helix
forming phosphodiester conformations, Energies have
bezn estimated by considering sugar-phosphate-sugar
backbone interactions alone as in earlier cases to study
the intrinsic behaviour of golynucleotide backbone
and also by including base interactions. The average
geometrical parameters and the nature of potential
functions used in all these calculations are the same
as reported earlier**. Model building is carried
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Fic. 1. Section of a deoxy polynucleotide chain
depicting the notations's for various backbone and
side chain torsions, The concept of dinucleotide
helical repeat is indicated by horizontal dotted lines.
Mixed supars are indicated by marking 3, and 2.

Actual sequences used in the study are discussed in
the text,

out using Labquip models and checked by compuler
stmluated procedures at varipus levels,

CONFORMATIONAL VARJARLLS

The idea of proposing dinucleotide ag the helix
repeat is lo exoloit Us inherent flexible framework lo

3.

G

obtain non-classical helical models distinctly different
from the familiar A- or B-form of helices. Ia the
present calculations ¢ dinucleotide” tepeats possessing
gauchet (g¥) and trans (1) conformations around the
C4'—C5’bond and gg—, 12, 18T 27t and g*g+ for the
phosphodiesters are considered with different combi-
nations of C3’vendo (3;) and C2'-endo (2) mixed as
well as similar sugar puckers. The gauche~ (g-)
conformation is likely to be less favoured in helical .
structures and hence not considered here. The phos-
phodiesters considered abeve possess the ability to
permit the bases to be on same side and show tendency
to provide at least partial coverlap between adjacent
bases with appropriate modifications in the poly-
nucleotide backbone conformations.

RESULTS AND DISCUSSION

(n—i) Plot for Poly(dinucleotide) Helices of the Z-type

Figure 2 shows the helical parameters obtained as
a function of («’,, @,) at 10° intervals for poly
(dinucleotide)  helices  possessing  *“ dinucleotide
repeats (F1g. 1} characterised by the experimentally
observed  conformationt, vwiz, {(f, ¢')) ={g*, 2)
and (4, ¥,') = {f, 3)) In the successive nucleotides,

Fig. 2.

Curves of ise n (-~--) and iso & (——)
ay a function of @ and o, for siagle oteanded poly

(dinucleotide)  helices comprising  the  dinucleotide
conformational rpepeat  similar to 7 DNA (1)
(';'h '/‘,l.) = (n‘iﬁ': 21 ) (f"}.‘: f'-’) - (Jsﬂ;g') and (¥, )
== (1,3 ). Cunves of o ¢ (....) equal to 9 A alone
are showtee L1, L2 and R desciibe regions of possible
lelt- und  right-handed helices.  Note  that  victually
ouly lefi-hunded helices are possible inthe ¢ g (fg7)
phosphodiester donpirs,



56

-

P

gt — e

. .

e e g, -

Cutrent Science, January 20, 1981, Vol, 50, No.:

e T

The preferred value of 180” has been assigned for the
two €505’ bond torsions (P and ¢,) while C¥'—
037 torsions (¢, and ¢7) are assigned values of 270°
instead of the generally favoured valve of 210° for
reasgns mentioned later {n the discussion. It is nate-
worthy that the sugars have alternating 2, and 3,
conformations. Similarly, the backbone (C4'-~C5’
band orentation alternates gauwcher (g+) for 5-sugar
and trans (1) for 3'-sugar. The phosphodiester within
the repeating dinucieotide possesses the gtgt = (', w)
= {(9J°, 921} coinformation, This phoshodiester is
encrgetcally pot favourable with the preferred nucleo-
tide geometry due to sterzochemical restrictions um-
posed by 7 and { + 2} phosphates!?, But energy
calcufations show (Fig. 3} that # is found to be
energetically favoured now mainly due to the occur-
rence of trans orientation around C4'—C8 bend on
3:side and C2'-endo pucker for §'—sugar which
displace the | and {+ 2} phosphates ¢onsiderably
apart relieving the steric and elecirostatic repulsive
interactions between them. Indeed the grgr phos-
phodiester 1s found to be energetically more favoured
than the g2~ by abowt 15 Kcals/mole despite the
absence of base-backbone and base-base interactions.
Inclusion of these is found to greatly stabilise the g*rg+
conforrnation!®, Conformaitional energy calcula-
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I Fig. 3. Conformaticnal energy map obtained as
a function of P—03 (w’)and P—0O5 (w) bonds within
the repeating dinucleoside triphosphate backbone.
The nucleotide on 5’-side possesses gt for C4'—C5’
bond with 2, sugar while on 3'-side ¢ for C4"-'—C5"
and 3, sugar. The ¢’y and ¢, torsions are assigned
values of 270° The energy mintimum is marked X,
With ¢’ angles of 210°, both g-¢~ and g+ g+ are ngatly
equally favoured.

300 %0

tiong also show that the occurrence ol g* confcrma
tion for C4'—C5 bond on ¥sugar render the Fad s
f::aufmmati-:m 0 be of high energy suggesiing the
mmportance of trans conformation for C4—C5' bonc
on ¥.side to obtain Z-type helices.

The nelical parameter plot (Fig. 2) clearly depicts
that curves of constant n-values greater than 4 occuy
only in the g-g-/re— and tg+ regions, Compuation
of radu alss suggests that helical structures with radii
between 7 to 9 A could be generated only in these
phosphodiester domains. Other phosphodiesters Jead
fo structures having radii much smaller than {7 &)
and therefore are not likely 1o be physically meansmg-
ful. Thus the important helix forming domain corres-
ponds only to these broad phosphodiester regions.
i1 =0 curve divides the region of phosphodiester
conformations which characterise left (L) and right-(R)
handed helical structures. As earlier® p-curves
intersect n-curves at two distinct regions macked L1
and L2 in Fig. 2 demonstrating the possibility of
helical structures possessing different types of phos-
phodiester conformations (g~ g~ or 127) between the

repeating  dinuclestides but with identical hetical
parameters.

The most striking observation in the (v—%) plot is
that both the g~ g  and tg~ phosphodiester domains
correspond almost exclusively to the left-handed helical
strucfures since only nepaiive values of 4 occur
here. This is in contrast to all the earlier (n—#)
plots obtained for poly(mononuclectides)® as well
as poly(dinucleotides)®®, Conformational energies
computed as a function of P—O bands (@, w,)
between the repeating dinucleotides is shown in Fig, 4,
Interactions involving only the adjacent nucleotides
flanking the P—O bonds are taken into account, Tt
is clear that the g=g~ phosphodiester corresponding
to the L1 vegion of (n—h) plot (Fig. 2) is energetically
preferred and the rg— phosphodiester domain which
corresponds to the L2 region (Fig, 2} is found to be
energetically unfavourable, The energies in the g+
phosphodiester corresponding fo the right-handed
structures and also the g*g+ domam are rendered
relatively high (& 5 Kcalsjmole), This readily sug-
gests that the helix forming phosphodiester domain
predicted by the {(n—#) plot indeed corresponds to
the energetically favoured domains as in poly(mono-
nucleotides)®. The phosphodiester between the
“ dinucleotide”™ repeat in Z-DNA indeed occurs in
the preferred L1 domain indicating that polynucleotide
helices comprising even “ dinucleotide” as helical
repeat can be characierised and predicted rather
uniquely by theoretical considerations., The experi-
mentally  observed Z-DMNA  structure!  possesses
n==6 aod k= —T74 A and this corresponds to
values of (@, ®,) =~ (290°, 280°) in the (n, /) plot,
It is clear from Fig. 2 that minor rofational varia
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Fig. 4. Conformational energy map obtained as a
function of P—03’ (’ ) and P—057 (w,) bonds between
the repeating dinucleaside triphosphate backbone.
The nucleotide on 5'-side possesses the trans-confor-
mation for C4~~C5’ bond with a 3_ sugar while on
3'-side, &+ for C4'—C5’ with a 2, sugar. Note the shift

in the global minimum marked X towards g g~

ccmpared to Fig, 3,

tions atound the inter * dinucleotide™ phosphodiester
bonds (@, ®,) can lead to polymorphs differing in
helical parameters,

Effect of Base Segquence and QOvientations

The {m, i, r) plot discussed above corresponds to
single stranded roly{dinucleotide) helices and the
computed helical parameters depend only on back-
‘bone conformations. It appears then that occurrence
of the left-handed helical structures are as a result
of conformational modifications along the backbone
(which are of course attributable to the base and base
sequence effects). Model building studies show that
both syn and anti conformations for purine as well
as pyrimidine bases genetate stereochemically per-
missible left-handed Z-DNA like single stranded
helices. Buat the requirement of double stranded helix
with Watson-Crick base pairing mode imposes severe
constraints on the energetically favoured base sequence
as well as their orientations. Alternating ansi and
syn orientations for the 5~ and 3'-bases respectively
alone lead to Z-form of double helical conformalions
as exemplified by the X-ray structureshé—® and
model studies’. Interchange of purine and pyri-
midine bases (.., 5’-base purine and 3’-base pyrimiding)
would lead to essentially similar left-handed helices
although the experimenially observed®®8 . pyri-
midine-purine . sequence s likely to be energetically

S ! e
T ek il
.y

favoured because of better stacking interactions within
the repeating unit besides purines can assume Syn
conformation relatively easily'®, Energetic prefe-
rence of pyrimidime-purine and purine-pyrimidine
sequences in forming left-handed Z-type duplex struc-
tures are being analysed by conformational calcu-
Iations. On the other hand, interchange of base
orientatons, viz., 5'-base (syn) and 3'-base (anti)
instead of the experimentally observed 5 base (anri)
and Y.base (syn} does not lead to iantertwined double
helical structures irrespective of base sequence but
results in a sheet or ribbon like structure with a small
left-handed twist,

Correlation Between the Helix-forming Phosphodiester
and the Dinucleotide Conformational Repeat

To explore possible other helical structures for poly
(dinucieotidas), analysis has been carried out using a
variety of conformations for the repeating * dinucleo-
tide”, The effect of rrans (1) and gauchet {g+) confor-
mations around C4'—C5’ bonds with C2x'-endo and
C3’-endo sugar puckers and also the influence of thejr
occurrence on 5’- or 3’-side of the repeating dinucleo-
tide has been examined, Similarly other phospho-
diester conformations Yike g=g—, 1g~, g~ ¢ and sg* have
been considered for (w’, w) in addition to g+ g+ phos-
phodiester discussed above. The results are summa.
rised in Table 1.

Helical parameters have been computed with trans
conformation around the C4—C5’ bonds on both
5’- and 3¥-sides of the *dinucleotide’ repeat, instead
of alternating gauche* and ygrans found in the repeating
unit of Z-DNA! The phosphodiester within the
repeat is assigned the g+g' conformation which is
found to be again energetically preferred. The (n—h)
plot so obtained is shown in Tig, 5. It is clear that
the helix-forming domam corresponds to (o, ©,)
values in the g~ phosphodiester region rather than
g-g~ obtained earlier (Fig. 2). This is suggestive
of other possible helical structures with alternative
rhosphodiester conformations, Lt and L2 and R1
and R2 in Fig. 5 correspond to regions of possible
left and right-handed hedical structures, Mode] build-
ing studies together with conformational energy calcu-
lationst?  indicate that the phosphodicster confor-
mations in the L1 region alone lead 1o overlap of the
adjacent bases at the junction of the repeating dinucleo-
tide residucs, Adoption of this phosphodicster
between the repeating  dinuckeotide leads to stereos
chenmically feasible intertwined  Watson Crick  base
paired left-handed double helix, A Labquip molecular
model with approximately  haif-a-turn of  helix is
shown in Fig. 6. The struclure possesses alternating
anri and syn conformations for the . and Fosugary
and the phosphate groups follow zig-cag path similar
to Z-DNAY, Other features in this model have
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Correlution bepween the fielix-fornting phosphodiester and the ** dinucleoiide ** repeat

Helix-forming
| Phosphodiester
Conformation of repeating dinucleotide backbone? domain Helix type
Modcls et s e — — S . _ o
by 'y {o’, o) ¥s e (&);, @)
I o 2, gtgt ? 3 g g (tg7) Z (1)
g* 2¢ g et 4 2, g1 Z (8)
g+ 2. gret r 1 g~ (g~ 1) z ()
1 2. gtgt f 3, e A
z 2 ol t 2, g g* (g71) y Al
I§ ¢ 2_ gtgt gt 2,  Structure not likely
t 2 grgt gt 3. due to small radi
gt 3s grg* 1 2e andjor » values
t 3. g+gt t 2
t 3. grgt 1 3.
Il f 2, 18" t 3. gt Alternating type
t 2q gt t 3 gtgt (18%)
IV g 3z A 44 2 tg— Alternating type (2-5)
g" P g8 g 3¢ 18~
Y gt 3¢ 88" g* 3e g g A-type
g” 2, 1g" gr 2, 18 B-type

i,

L

close resemblance fo those found in Z-DNAL The
im>ortant difference between Z-DNA' and the
theoretically predicted model {Z°-DNA) is that the
successive phosphodiesters exhibit g+g+ and g-g-
in the former and g+ g* and g~ ¢ in the latter (Table ).
Similarly the C4#—C5 bond torsions alternate from
g+ to ¢t in Z-DNA! while it 1s frans throughout in

~.DNA. It may not be surprising if this new poly-
morph is found experimentaily in crystals grown under
different salt concentrations and growing conditions.
It is noteworthy that the terminal deoxycytosine in
the orthorbombic ceystal of CpGoCpG?  exhibits
the trans conformation for the C4'—C5’ bond provid-
ing indirect credence to our arguments.

Interestingly, it is found that occurrence of trans
conformation around C4’—C5’ bonds on both 3-
and $’-sugars facilitate the formation of left-handed
helices even with interchange of Dbase orientations,
viz,, 5'-base pyrimidine {syn) and 3’-base purine (aati),
The helix so formed is wider and the phosphate group
separations are relatively larger. Thete are diffe.
rences in the nature of overlap of bases within and

* For notations used for different bond rotations see Fig. 1,

between the repeating dinucleotide units. However,
interchange of base orjentations together with base
sequence, viz,, 5-base purine {syn) and 3¥'-base pyri-
midine (ant{} does not lead to intertwined double
helical structures,

Calculations performed with 2_ conformations for
both 5°~ and 3’-sugars, with other conformations same
as in Z-DNAL also predict g~ ¢ as the helix-forming
phosphodiester. The g-r domain almost exclusively
suggests left-handed helical structures. Model butld-
ing studles reveal that use of these conformational
combination for the polyaucleotide backbone con-
comitant with alteraating anti and syn bases for 5'-
and 3-sugars vield left-handed duplex structure very
simtlar to Z-DNA c¢onfiguration?, While this
work was completed, we found to our pleasant sur-
prise the existence of similar conformational combi-
nation in the ccystal steuctures of tetranucieotide
CpGpCpG by two independent groups®® It is
most graffying that our theoretical predictions are
in excelleat agreement with experimental findings,
Thus, it is possible to obtain a small aumber of Z-TINA
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Fic. 5. Curves of iso n {~ — - ~) and iso /1 (—)
obtained as a function of @ and -@, for single
stranded poly{dinucleotide) . helices comprising the
dinucleotide repeat with (4y, ¢,’) = (s, 2), (), )=
(e, £¥) and (s, ) = 1,3). Curvesofisor{------)
equal to 9A alene are shown. Note that , =1
bere compared to g* found in Z-DNA! and this
alone shifts the helix-forming phosphodiester to g—t.
‘The two possible regions of Yeft {L1 and L2} and right-
handed (R1 and R2) are shown. L1 region is found
to be energetically favoured.

type structares which differ in the backbone confor-
mations of the dinucleotide repeat and the phos-
phodiester linking them while the overall configuration
remaining essentially similar, The relative impor-
tance of these structures from energy considerations
is being examined.

It is found that dinucleotide repeats possessing
either gt conformation for C4°-C3’ bond associated
with 3"-sugar or 3_ conformation for §’-sugar or both
do not lead to any stereochemically feasible hefical
structures (Models I( of Table 1) because of extremely
small radii or k-values and also due to steric inter-
actions between the terminal Y -phosphate and 5'-sugar.
Thus, it scems the rrens orientation of C4'-C3° bond
on Y-sugar?® and 2, for 3'-sugar are crucjal for the
dinucleotide backbone repeat in forming left-handed
Z-DNA type of structures*.

Sirnilarly, it is fouad that the helix-forming Jdomain
shows a strong dependence on ¢’ values? Use of ¢b’
values around 2107 for ¢ and ¢y, predicts the energeti-
cally unfavourable (7 p[lﬁs;hudicsler as the helix-form.
ing domain'3, Values around 270° ¢hift the helix-
forming domain to g~ g~ phosphodiesier. Conferma.
tional energy calculations also show that the prefer-

Curr Sci~—4

- " A

L -

ence for gtg* and g~ g~ phosphodiesters depend on
¢’ values’®. The maximum and miniroum values
of n are also dependent on ¢’ values.

Helical parameter calculations using either g-g—
or g~ t phosphodiesters within the repeating dinucleo-
tide moiety with appropriate sequence of sugar pucker
and C4-C5’ bond conformations found in Z-type
structurests*8 predict in turn the grg* phospho-
diester to be the helix-forming domain as shown in
Fig. 7. Although repetition of gvgt phosphodiesters
themselves does not lead to either left-handed or right-
handed structure, use of this in combination with
other phosphodiesters lead to novel helical structures
like Z-DNA. The shift in the helix-forming domain
from g=g~ to g—r when ¢, changes from g+ to ¢
discussed earlier is also shown in Fig. 7.

Models III given in Table I correspond to stereo-
chemically possible double helical structures of the
alternating type wherein the bases have anfi confor.
mations. The details of these are to be discussed
elsewhere. Models IV in Table [ are also ' of the
alternating type alceady described®s and possess

G, 6.. A reyesentative Ieft-handed double helical
model (half-a-turn) of Z2°-DNA with pyrimidine {(cred)-
puring {yn)  base sejquences constructed  wsing L
phosphodiesters  beraeen  the  dinucleotide  r¢¢als
supgested in Fig. 5. See text for other detals.
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Fig. 7. Curves of iso n=6 (- - - -) and _iso
h=—8(——)andisor=9 (- *) obtained as a

function of @, and e, for conformationally different
dinucleatide repeats. # = 0 divides the left (L) and
right-handed (R) belical domains, The three impor-
tant helix-forming domains appear at g-g~fre”, g™«
and g+g+ phosphodiesters corresponding to (@, @,)
={300°, 330, {1807, 3077, (3007, 180%} and (2Q°, 90°%)
respectively depending on the nature and sequence
of sugar ring and CA'-C5" bond conformations of
ihe dinucleotide repeat. Note the shift in the helical
dornain from g-g~ to g~ t (only w changes by — 120°)
as ¢, is changed from g+ to ¢ (a change of -+ 120°).
Similar change appears when J3’-sugar assumes 2
instead of 3, in the dinucleotide repeat even with

f =g+

preferred nucleotide geometries. Helical structures
possessing similar sugar puckers in the dinucleotide
reseat but slightly different backbone torsions in the
tvo nucleotides ar¢ characterised by Models V in

Table I.
CONCLUSIONS

One of the important outcomes of the present studies
is the ability of theoretical calculations to characterise
the experimentally observed Z-DNA structure!, in
addition to predicting other possible helices belonging
essentially fo the same family but with different
conformational features, A striking findig is the
prediction of an alternative 2°-DNA structure wherein
the successive phosphodiesters possess alternate g+g+
and g~ ¢ instead of g*g* and g7g~ found in Z-DNAZY,

alternation of gtgt and g—t phosphodiesters when
the 3’-sugar exhibits C2'-endo confcrmation instead of
C3'-endo. The latter has indeed been found in the
most recent crystal structure determinations?s,
The importance of characteristic backbone geometry
for the dinucleotide repeat, namely, the occurrepce
of C2'-endo for 5-sugar the trans conformation for
C4'—C5’ bond on 3-sugar and the g+gt conforma-
tion for the phosphodiester between them, for obfain-
ing Z-type helices is clearly borne out from this apa-
lysis. The gtgt phosphodiester iself is rendered
energetically favoured by these backbone modifications.
While this is true with respect to single stranded helical
structures, it is found that the sequence of bases and
their orientations play a crucial role in determining
stereochemically and encrgeticaily preferred Watson—
Crick base-paired lefi-handed double helical structures,
Results from both theoretical as well as experimental
investigations®*® have provided evidence fcr existence
of a few left-handed helical struciures possessing
different geometry for the dinucleotide repeat as
well as inter * dinucleotide®” phosphodiester while
belonging to the same Z-family. Further combined
efforts by experimental and theoretical studies would
sharpen our understanding of helix = helix transifion
and also other possibilities of helical structures obtain-
able by exoloiting the flexible framework of ** dinucleo-
tide” helix repeat®.
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SOME MORE KEYS AND RULES FOR A PROGRAMMABLE CALCULATOR

M. P. ABDURAZAK
Department of Statistics, College of Agriculture, Vellayani, Trivandrum 695 522 (India)

ABSTRACT

The standard system of keys' has been enlarged to incorporate the various concepts of
programming. A set of rules governing arithmetic operations and display is also given.

The Blank Key

THES key, designated as 8, is a null key which does
hothing other than passing the control to the

neat step.

Lffect of a DR Control Key Followed by the [ ov D Key

In such cases, the machine will first perform the
indicated operation on the memory whose address
is given by the content of the concerned IR and then
increment decrement its content. Hence SIp s

cquivalent to SR 1P and SD¢d to SR¢ D¢. The
other keys F, M and Z also work similarly.

Relational Operators

These are keys which cause the machine to take a
decision depending upon the relation between two
numbers. They are < and = which stand for less
than or equal 10 and equal to. The role of < has
already been defined', In view of the convenience
to the programmer, we redefine its role and similarly
define the role of =. Both the keys will cause the
display to be copied in the internal register. The
peneral Torm of thesekeys atrea < b{sss...s)andu = b
(ss5...3), where a and b are the displays before and

after encountering the operator Xey. sss...8 I8 @
sequence of steps which will be executed only if the

indicated relation is true. The bracket need not be
put if there are only four steps inside i,

The Inverse Key

The inverse key V performs the inverse complement
operation of the key succeeding it.  Yence ¥V € stands
for not less than or equal to and YV = for net equal fo,

These ideas are illustrated in the example given
below ;

Example 1. Write a programme for finding the
greatest absolute value of x,, x,, ... x,.

The programme 1s given in Table I. The inputs
are #, Xj, Xg ..., X, and output, the greatest absolute
value. Spaces have been provided at appro-
priate places.

TaBLE 1
Programme  for finding the greatest absolute value

— et -

Programme steps Comment

J—
i S S ——

el

AG4 HP S¢ = A
| T 3 T1
HP SIt I

qu?é Mqﬁ —+¢;f;~15

# is stored in DR¢

Steps @15 to b3

form a loop to store
IL! ...,I“ i.n., DR3

onwards

$31 3 T2 S2 = DR2 is initialised to
ICTO

$38 ¢ V< MI2 (&) Nos. are cailed one

by one
Sign of a negative no.

changed and com-
pared with the con~

V< M2 ES ¢2
R1 V< R2 —$38

p6S§ AMLP tent of DR2. The
greater  no.  being
retained in gf

$69  1lak End of programme

A Syl gprlel T T T R ——



