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Abstract ,

In tﬁis thesis, the crystallographlc dlfference Fourier

-

method is employed to anestlgate the 1nteractlon between‘f"

o
the enzyme Glycogen Phosphorylése a and somé of its oo

)

AN
1nnlb1tors. The focus is cn the "Nucleoside site" The

—\ L

1nterest1ng flndlng of an unucual stacklng 1nteractloa¥

‘between the enzyme and its’ 1nh1b1tors Sheds llght on the

 specificity-cf thls =1te. The bloenergetlcs of the l

_interaction are dlscussed ds well as the mechanlsm of
. L . E : g * .

- iphibition. - - SO : .

_ . ‘ . » B : .
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The fear of the lord is the beginning of
wisdom, and knovledge of the Holy one is
understandlng.

. Proverbs 9: 10

"1ak1ng many booxs there is no. end,

nuach study wearies the body.
Ecclesiastes 12: 12

}
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I.Llntroduction._
) . ‘ : _
Glycogen phcsphorylase plays a gajor role in various

regulatory processes in glycogen metabollsm. It degrades

storage glycogen using lncrganlc phosphate to form

. >
4

_ glucose-1—;hosphate for produc1ng ATP through the glycolytlcf'
pathmay. The enzyme respcnds to energy control vma AMP and.
ATP, feed back lnhlbltlon by glucose and glucose 6--
phosphate, and a number of hormonal and nervous controls. in
faddltlcn tc 1ts subctrates glycogen, G-1—P and 1n;rgan1c
phocphate,,lt is also known to blnd nucleo=1des and
‘nucleotlde derlvatlves, regulatory enzymes, dlvalent metals '
and glucose. o J | |
| A substantlal body cf research ‘has been done,
éspecially chCerning.the structural and;functlonal aspects
: of the enzyme. The’ enzyme 'is known to exist 1n two
ohemlcaldy and functlonally dlStlnFt forms; “hosphorylase a
/(Hlth phosphate on secine- 14) and Phosphorylase h 431thout
phosphate), the 1nterconver51on of the two fcrms is |
' regulated ty a spec1al k1na=e and phosphatase._, N

_Phosphorylase a in the ahsence of llgands is partlally ln

n

‘the actlve (R) form whereas phosphorylase b exlsts-malnly ln

°

1the lnactlve (T) form. The R 1 equlllbrlum lS regulated by

varlous unkncwn control mechanlsms, u51ng elther metabollteS'

[

or macromol&cules cr hoth,.-
N

»; Eoth ‘a and b forms of the enzyme from rabblt muscle

A

~:have been 1nvestlgated by crystallographlc sthdles and the .

-

-fhstructures have been resolved at 2.5 angstroms and 3.0



'p synthesxs.‘lt was flrst used 1n proteln crystallography by f

l“f”Stryer 1n 1964 to examlne the blndlng of az;de lOD to

_conversion arevllsted as follows:

| 1nteractlo§ hetween effectors and the blndlng srtes.,f

,51te by examlnlng a number of fused rlng compounds, Hlth .
'respect to 1ts deta;led lnteractaons wlth the enzyme

'.Phosphorylase Ao ehvh ':V‘I*t 1n_h"‘

angstromc_respectlvely (Sprang and Fletterlck 1979 Weker et
al 1578) . DlStlDCt blndlng 51tes have been found for several

of‘the 1nh1b1tors, aotavators and_substrates..The functions

A

of each of these - cltes and thelr effect on the R-T
: .. @ 4

Y PN . ) N
B .

- Sitesligands’  State . Functions . .
AME/ATD . . R/T | N Hetab%iic response
BT A-Tp/x{!p.'lé@? -
’leucose/G—l-P - T/R }’Inactivation/“atthation of
) ’ v ';phosphorylase'g '
NucleOSidejf~'%' I“ , ;Inactivatiba'of}f :
| | nhosphorjlase g_‘
, Glycooen, "; | Rl“fh h:?artialiactivation,:diSSod; .
’ | .~ | ‘i’ ‘J o iation 0f‘tetramer'to dimerh"
L ) K
'Serv107(P)' : I/(F)d' Hdrmonal nesponse G -

‘Io understand the molecular mechanlsm of E T conversxoy

*for any of the above entrles(SLtes) is very drfflcult. One

.‘way to 1ncrease our understandlng 1s to look 1nto each of

thegekcltes.crystallcgraphlcally to 1nve«tlgate the

The purpcse of thls the51s is- to study the nuc16051de

, . .{

The method employed 1s known as dlfferenae Fourler ;:

~

BN

3

€

e L



l Myoglcbin. Since then, it has teeh‘extensively used,ty'

_interactions, protein ‘conformational changeg,

e

4

‘heavy atcm binding sites etc.

L4

P

Location of

The q;fferencetfourier, Delta D, isldefined by

aD

ﬁhé:é;lv.

¢4

=2

a

of 51mllar structures can be 1nvestlgated hy u51ng only the

from thls calculatlon reprecents the dlfference between the
A _»j}
proteln complex and the parent. Ih the case of llgand

."'

ZmIAFIm,oLoL bep D.LKX

{

volume of unit cell

-3

FPLV~

'S tr uct ure a

&,

mplltude of

the rroteln complex

°

phases of the Parent structure amplltude

1

)

6

figure of'merit'( a measure of
‘the correctness of the phases, -

.-1 represents correct phases).

structure‘ﬁmplitude'of~thewPareht

s

‘protein crystallcgrﬁpherS‘to investigate protein-ligand

e

blndlng the peaks represent ‘the llgand and the structuralbv

changes 1nduced gy the llgand ulth peak helghts egual to’

The power of the method llec ln the fact that a large number“

. parent's phases plus the 1nd1v1dual structure amplltudes for

2 the paftlcular bnndlng experlment. The resultlng denslty map

half ofathelr true value,.bA detalled decrlptlbn of . the_f'”

c e

method can be found in the book hy Blundell and

Jchnson (1976)

L

Y]



. \
Due to the extensive application of this method, it is

R
\

important tc loock’into its reliability and acc&racy. This

.

has been dealt with ih”great detail by Henderson and

Yoffat (1971). In théir study tgey focused c¢n errors in the
diffefénce Fcuriér maps from three sources:~
1) use of the difference Fofirier coéfficients gelta L
instead of the true structufe amplitude;
'2) experimental errors” in the Delta F values;
3) experimental errofs‘in the phases of the parent
structure“amplitude{

The remarkable conclusion théy have drawns is that' the

v

difference Fourier mwp would have a much lower error level

than the corresponding Fourier map of the derivative

, 4 o 7
structure (which would requireha.new~tomplete MIF phase

/‘..'_4.;
S

calculation).



A. Materials and ¥ethods.

L)

stals of Phosphorylase a suitable for,

-

Single cr

diffraction studMes were kindly supplied by Dr. Madsen and

S.Shechosky. They were prepared as the procedure outlined

o

be;ow.‘ /

Rabtit musgle Phosph ase L vas prepared by the’
method'of.Fischer and Krébs (1962) with minor modifiéations

including the use of‘San-dithiothreitol in flace of
mecaptoethanol. Pho<phorylace a was prepared from
PhocPhorylase b w1th klnace by the methcds of Krebs €t L '
(1964) . After three crystalllzatlons in a mlcro—needle forr
from 10 mH Sodlum glycerophoepha;e, 5 oA Dlthlothreltol,

1 mM BDTA (pE 6.7), the Phosphorylase a was transferred into
10 mH BEgu(N,N—bis(2-hydroxymethyii-2 aninomethane éulphoﬂic
acid), 0.1 oM EDTAi(éH 6.7), by passage thropgh'a Sephadex'~‘
G625 column at 39 degrees. Portions of concenxrated.étock

solutions of magnesiunm acetate, dithiothréitol and“glucose

.were'added to thenprqtein solution to give final

concentrations of 10, 3, and £0 mM, respecgtively.

The protein, at concentrations of 1.5 to 3 %, was

\piaced’in smail glaés tubes 5 cm long, 2.4 mm internal

1

diameter, apd seeled at bothbends with Parafilm. Although |
éhosphoryla%é;éwuould form,tetragonel”crystals“
spontaneousiy,’a sTel; portion of a highly diluted stock
suspension of finely ground seed cfystals vere usually

injectedrgéﬁcontrol the number of nucleation centers.

\'-,,g ’
_,J’ 7 v
Ll



\
Crystallization was a{lowéd'to ;omménée ijzg'degrées, with
sto;agé'at 16 degrees after a few days. Igié’cfystéllization
procedure has been réportéd earlier.(Fleﬁtetick'gg al 1976).
| "The enéyhe crystallizes iﬁ tetragonal space group

P43212 havinéviattice parameters a=b=128.4 angstrcms and
c=116,6 angstroms with one mogomer'of 97,850 daltons in the .
ésymmetric unit.‘ | |

Material

- — i S - —

Caffeine, Fi¥ Sodium salt and Inosine were ’ol:téine_d.lp
fron Sigma'Chemical Co., A?P Sodium'salt uas_obfained from
Terochem Co., ATP? had been monitored by a‘Paper |
Chrqmatographic ﬁethod to ensure no contamination of Amé.
Ascéndihg'ch:cmatography has Feen used as described by the

Bioqhémicals reference guide ( PL Biochemicals Inc. 1577) .
Euffér‘éyste& No.1 { Isobutytic acid/conc.Nﬁ2OH/ Water‘in’
fatio of 66/f/33) was.used; o ¢
Crystal soakjing |

.Ihgqligaﬁd-binding stu@ies that are reférred to in this
report were carried out by soaking the protein crjstals inAa
solutioﬁ cf st;ndard tuffer with added ligands. The standard
bdfﬁér is 10‘$H'N,N-his(Zéhyaroxymethyl)2-aminomethane

éulphonic acid s 0.1 m¥ ELTA / 10'mﬂ)magnesium acetate,

“pH 6.7. Ih%_soaking time and ligand conceptratidn-are listed

»

in Table 1.

N

Data Measurement ' “

]

o Ailvdata measurements were done on a modified Syntex

Analytical instruments, P21 automatic diffractometer, as
N . I} o

a

.3
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\ i 7 /
TAELE 1 ‘ .

Cryctals soaking and other conditiomns (see textf.

o

1

1 Caffeine Inosine FUN AP
No. of Crystals used 51 -9 ‘ 15 - 14 .
Total no. of observations, 44009 11165 16809 16398 Q
Total no. of reflections 21599 . 10351 - 11571 12615 v
Total overlars 37590 1809 8234 6141
Merging R factor 0.025 ° 0.03¢ "0.04¢9 0.022
Delta+F/F - o o 14% 5% - 7% - 6%
Radiation decay rate : , 3.3% 1.3% 2.1%. 2.9%

( percent per hour ) ' - » : '
Lattice .constants . 128.0 128.2 128.2 128.2

(in Angstross ) ‘ 116.4 116.4  11€.5 117.0

Concentration of llgand 2 oM - 15mH 0.5nH4 . 20mM

reported earlier (Fletterlck €t al 1976). Ihe coun€“r and
X-ray scurce were posltlcned 5 .0 cn and 28.- cm, »
respectlvely from the crystal Tke data were collected u51ng‘
Nl flltered Cu radiation wlth the X-ray tUbﬁgngQEEd at |
ZOOOW. The dlffractometer was operated in the Omega—ccan
mode wlth,7 steps of O 012 degrees scanned at the peak l
center. from these 7 measuremente, the hlghest nelghtorlng 4
were selected and summed.- |

' The hackgrcumd correction.uas‘applied“ny analyzing the
..backgronnd variaticn as a fanction of PHI and TWQ;THETA.QCHI.
dependenceiuas fof)taken into account since the beam |
'cross -secticn is c1rcular. Two‘background data flles were .
collected from each crystal, the flISt consféfs of a-
measurement of background 1nten51ty a% a functlon of PHI at
constant 180 THETA (12. 0 degrees) and the cther cne conelsts
.of a measurement of background 1nten51ty as a functlcn of

:

IWO THEiA The measurements were made in between the lattlce

d
po;nts ty douhnzng the lattlce parameters and measurlng a

B - §



'selected series of odd values of h,k,1l's Apnroximatel& 0.5
degree incremerts -of *‘THQ THETA and 1bedegree increments of
"§HI at THO'THETA =:12.0ydegrees_were nade, andthe}Omegafscan

5 ,technidue vas used‘as for the- data collection. |
: - | . . k
'Radlat1on damage vas nonitored.by repeatedly measuring
10\strong reflections aniformly distributed‘hetween WO
THETA of 3 tc 29~degrees,tand analysed as-a functioneofitdme
“and TR0 TH:TA u31ng tae decay model of Fletterlck et
‘ _g;(1976),‘Var1atlon s functlon of h, k 1 waswnot'teen taKenr
~into acccuntt- | | |
Standard<Lorentz and polarization corrections uer§7
‘applied as well as abcorptlon correctlon (North and
Phllllps 1968) which was analysed as a functlon of PHI only
Approxilately half of the observable HKLs to 2.%
. angstrom resolution uere measured’for the_difﬁerence Eourier

studies. These.reflections were taken from llStS of

reflectlons that had been sorted accordlng ‘to the product of

1flgure of merlt, magnltude ‘of parernt structure amplltude and -

- .resolutlon (°1n TH?TA) sgnared. This procedure should ‘give
‘the best~measured and-hest phased data with a conCtant

‘gdlstrlbutlcn with recpect to resolutlon.‘Three llStS were

'vprepared %ccordlng to thls scheme representlng reflectlons
in the =pher1cal ‘shells of. 4. 5 - 20. 0 angstroms; 3 - ; .
u 5 angstrcm= and. 2 5= 3 angstx:om.s respectlvely. The top h
halves of these‘three,llsts (strongest F's) were used, and

from them HKL data lists were prepared'forveach'CryStals.’



- | bkl i | hkl hkll o
e RC = mwm—mm el .
R - L

vlnfTable.1:,‘~

Abeout 15 crystals were used to complete one data set becauSe

a single cryctal diffracts for anout 14~ 16 hours tefore lt

decays severely. Thlrty reflectlons vere lncluded in each

,data list for scaling together the data sets from each

crystal. Ihese reflectlonc were evenly dlstrlhuted

tbroughcut the rec1procal lattlce. In many cases, a large

degree of overlap of HKL's were allowed in two consecut1Ve

'data llStS. Ihe data llstc were mergeo and scaled u31ng

GIN. Reeke's ccallng program% The merglng R factor for

crystals (Rc) is deflned as

~?-.ll|

SuM suM 1 . 'I =

Where Ikkl is the 1nten51ty aftei a welghted scallng of.

¥

the ith measurenment ‘of" the intensity of reflectlon hkl and{y

rI(hkl) is the mean value of the N est1mate< of thlS'

%

1nten=lty frcm dlfferent cnystals. The summatlon 1s ‘taken

over all equlvalent reflectlons measured for each crystals.J

:"Those data llsts whlch showed a poor K. value (1 e. 210%) were‘

'recollected Ihe flnal E values for each data set are llstedj

R G I‘ B
‘ T
o

In thlS study, -Adlfferent data»sets uere used namely

‘Parent (=OmM glucose), ATP, In051ne,_FMN and Caffelne. All

of these Here at 2.5 angctromc'recolutlon. Most of tne data,-

‘for the Parent and Caffelne wére collected by R letter;ck;

;o

3

and otherc(Sprang and Fletterlck 1979).,

.’. . X ' ) 6



ﬂvthe three axes X, Y ‘and Z.3

 Grarhics «a‘x_g:gmlmz_s__n L

{, - o .10

- Heavy atom derivatives, ethylmercurithiosali~

’cylate(EMIS), dimercury'acetate(DﬁA) and a

"dOuble~derivative" Pb*EMIS,'haVe been used to extend the

- x- ray dl‘fractlon data set from 3. O to 2.s'angstroms

o

esolutlon in the Multlple Isomorphous Replacement (HIR)

'pha51ng procedure (Sprang and Eletterlck 1979). In the DMA

R ' .
experlments &affelne was nsed as a StablllZlng agent since

crystals soaked in DMA alone showed an 1ncreased radlatlon

lsen51t1v1ty (from 6 to 7 % locs in dlffracted nnten51ty per}

_hour at 3 angctroms resolutlon) Inclusxon of Caffeine. at.

|

10 mH in the soaklng buffer reduc@¥/the radlatlon damage to
- 3% per hour. Caffelne shcwed up a# the routh hlghest peak in -
. the dlfference electron den51ty map and vas used in the MIR

‘v:pha51ng procedure. . '_'.,- - .m, "~ |

Ihe difference Fourler synthesrs for each llgand o

fbindlng experlmentvwas calculated u31ng the Delta F retween

proteln complex and parent plus the most recent 4.5 angstrom"
\ P _

: natlve MIE phases. The programs used are DIF:EE and EOUnIER

'The-&atter performs Fourler synthe51s whlle.therformer _

‘:calculates Delta F and scales data anlsotroplcally. Ihls is-

1mportant for some poorly lntegratlng data, but it 1s not

"lmportant in thls study becauce all the llgands promote the"v

T state of the(enzyme whlch is already present 1n thls

crystal form, SO the data are 1somorph1c wlth respect to all’-f

N

\

The uas X (Molecular Modelllng Sy<tem) grathics systen,.

o~
l’.
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purchased frcm Washington University, St.louis, was designed

4 o

: - v ‘ o
primarily for crystallographic model building, tut at the

time of this writing is a-researchftool.under,ccntinual

’develcpment and not a routine working instrument. It has a

large’nunber'of‘bnlltfin cpilons.;The\system ;ilows_thé‘
three'diménsionalhpresentation’ana interactive‘manfpnlation
of molecular structures (i.e. global orlentatlon and |
translatlcn of- structuces, and also those con:ormailonal

¥

changeS'that can be cepresented‘by bond rotatlons w1th up to.

SA'SLX tcnds ), together wlth hackgtound dlsplays of contOured

eleotron den51ty maps. ThlS 1nstrument 1s meant to pe av

Ty

sophlstncated version of the Elcharos'rbox,dlsc:ihed telow.

dodel fitting .

,.

Prellmlnacy model flttlng vas done by contourlng the‘

-dlfferent den51ty maps and dlsplaylng them 1n the Rlchards'

"box (Rlchard< 1968). rlg Rl reprecentc a scbematlc orawlng of

the Rlchard hox; Slnce the Soale of tne model 1s 1dent1cal

T wd

wlth that of the map, the correSpondlng pOSlthDS in the mafp

‘and_ln,the modelvwlll appear =uper1mposed when the model lS _'x

fitteafcorréctly, and they wlll not move v1th respeot to

veach'dther regardles=‘of the stxtlon of v1ew1ng. Latgulp'

. -

vaModels (1 cm/ang<trom) Were used and map sectlons were7

calculated fcr tuo orfentatlons, one pe:pendlcular tc the

'crystallcgraphlc Z°a11$ dlrectlon and the other-

O

perpendlcular to the crystallographlc x- aX1S dlrectlcnr

Cnce tbe rough conformatlon cf molecule nas heen found L

it was nced as . a gnlde for choosxng the moct approprlate

=N



12

LIGH.f

o §Ecr:ou; oF
o ELECTRaN Dsus;-ry r-MP .
- > . LYEQED ’
N . ' 4 £ HﬁLF ‘
| ! | LIGAND
. ’ ]
N herer
bt _ v(f';?
> ' E
- ) -
ut ;
1
N \
Q..
_ Fig.o1;'5chematic drawing of the Kichards box. (see
Ctext) . R . y e 15
i - »
‘:,Stfuﬁture frOm puhllshed papers (of small molecules ’

struCtures hhloh hest repreqented the llgand Caffelne*v
"fSutor 19“8 In051ne- Theualt et al 1970 an- EBear et

fal 1973 AlP'-Kennard-et al 1970), whlch is" then fltted 1nto

1 the der51ty maP w1ih the HMS X system..Co—ordlnates of the ef-,j

ff'llgandc were dlsplayed on the ccreen. By d01pg 51ngle bond
f rotatlons, global rotatlon and translatlon ’the moﬂels were

9

':,fltted 1nto the denc1ty map (thCh was contoured 1n

SRS : ) : i e
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R

¢

_3-dimensi0ns.and'appeared asya het'formi to giue the frresent.
'co—orddnates Lhe contour level for’ theséWmaps were |
arbltarlly a551gned to prov1de maxlmum lnterpretablllty,
" before n01se level gets too hlgh as judged by number of
Jﬁakc ln sclvent reglcn.

Stereo-dr 1ngs of the fitted llgands vere done ky
decodlng the graphic dlsplay ‘file, generated by the M?S '

A

-, Systemn and plottlngs vere done by the Unlver51ty of Albertav
V,Calcomp plctter.; | ) o |
‘Co—ordlnates of the uatlve prote:.nc were obtalned frem
‘the model bUllang in thlS lahoratory (Sprang and Fletterlck
h1979) These are unreflned and contaln errdr cf > 6.-
,Angstrom t}-'df _4 R ‘if

S N :
Least cguarec plane= through the atoms of the- bases

were calculated hy the methcd of Blow(1960) ;‘ T

. The authors of the computer programs em;loyed —inm the'

"ﬂ'present study and thelr‘functlons are llsted as foiloued.

' 3 ,,“'ffﬁ
NMME . AUTEOR .. - [EUNCTION
‘xCRUNCHO‘gJurgén'SyguSChhf ‘~'Data”reduction-if‘w5x:
“CRYY ~i'George'Reeke V_hf”” rata merglnq

VDIEFEE ainav1d Blow/others Delta F calculatlon,

y di;scallng jf

:deRIﬁRifeedrge Reekehbgetr! Fourler syhthe51s .
PLZ'ef vfﬁobertiflettericht}_Contour electron ;f
.v: . ' | lth;, den31ty map o .§‘
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. "MALPREP Stepken Sprang

-
3

. HHS~XAM ﬁashi?gggn Je.

| STEREC~_Ltoliﬁ‘Broughfonﬂ

_ACCESS  T. JerRichmond °
GRADIENT Sprang & Fletterick

b"b

'§orithm of Lee€ &

gradient,at given

Transfer electron density .

rap from AMDAL to. M¥S=X
; T

Graphics systen

Stereo plot of ¥¥S-X 5
: grapHEC‘displays.‘
*Calculaté acceséible su:—v:'

face area according to al-

'Richards

>

P

Calculate electror density.

[
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B. Results. s . .

Nomenc;ature System

e e T e . e el e

. ; 13 )
lhe rcmenclature systems for the molecules studled are

,-, .
,/_

presented 1n Flg ﬁ Dlhedral angles are named accordlngrto

tbetsystemvcf Sundaralingam as illustrated also in Fig 2.

b

c(3) EndO

cC(¥yEXo - . . c@)ENDO
| Sy . cGrEX0
o) | | B y
n\ /P |
: A0 : .
O_'I 3 : “ T'O '/
\ ATP L
N
2 (! . cg | 2‘
) o N9 _c*ay_C
o N
A o > S c{"}c
1 \ ../
’ cX2c
( . If,xy
_ | B o
» P

, qu. 2. Nomenclature system used for thlS thGSlS- The
r1bo<e 1s naced accordlna to its: conformatlonal state. If
the €2''is, dev1ated from - the plane (made by atoms cir,”c1v.
. and -01'): towar@s the same direction as the CE', the rlbose,

‘will be called C2' endo.. When the dev,latlonc of €2' and Cc3t
from tke flane are the ‘same,- the rlbose can be called either
. endo or ‘exo, whereas when the dev1at10n is dormlnated on one

"51de,.only one of the: twWc nafle can be. used whlch p01nts to.
the atom w1th greatec deVJatlon.

g
-
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ConFormatlon of gg;gculeg . by

a preliminar fittin was carried‘out beoause‘of the:
P v g

ease of obtalnlnq .the overall conformation by manual A
measurement compared to. the MMS-X system, espec1ally when
_deallmg‘with a rlbosefrlng as 1n.Inoslne'and ATP etc. Asﬁ,
mentiomed in the Haterials and Methods, 1n the prellmlnary
model flttlng, the maps were contoured twlce in two
'orthogonal dlrectlons(;e;ause:lt Vas‘lmPOSSlble to@flthfhe,
z‘modellunamhiéuously by looking from ome directionnonlyl  |
: Comtour maps in'the direction of X—axls placed undermeathﬁ
the'model'proyidespan_addltionallguideline for the-fittimg.,
ihen the:appropriate structures werefohosem fromkpubllshed.
papers as‘the lhitidﬂ“struotures’for.MHS-x lechﬁgenerated
the p%esent coordlnates. ;.A |
‘Fig' 3(a- g) 1llustrate the ‘best fitlof~the Caffeine,
-iDbSlne,vFHN and ATP molecules to'the differenoe,electron

den51ty map as obtained by ‘the procedfire described above.

'«The folﬁowlng is a descrlptlon of the'COmformation of each

. ‘
‘\/ o R - 2
‘1ndlv1dual.molecule, ' = ‘ R
o . ‘,‘: ] ".. -. | v‘. B - g c
. A . , ) ‘( . . . "/,__\\ ‘ '. : Ve
»vCa‘Feine:-: e o N o Sy

Slnce the map does not resolve 1nd1v1dual atoms,'the‘;

"1nto the map. Coutourlng at a hlgher level of electron

o
\

fbdensitv should 1nd1cate the p051t10n of the rlng.

: fCons;derlng thlS, we have obtalned two p0551ble o 9'

'Q . . ! ” < ’

caffer%e moleculer;s treated as a rlgld hody when flttedf-



These figures represent the interpretaticn of

the difference electron density map, the contour level for

>

L

the map is arbitarily assigned as described in the Mdaterials
Methcds. ‘ '

Fig 3(a-gqg) .
and

- o
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3e. ATP (SIN)

Fig.

AT? (ANTI)

3f’

Fig.



a;

Fig. 2q. ATP in the SYW conformatlon with a hlgher

contour level oL'electron den51ty.

i

“‘orientations bf the moiécule which correspond to a 1830

d
deuree rotation along the length of the.molecule. It is
‘ o : HoLEC v
difficult to conclude at this point whether one of the
two or botk was the preferable oreintation based on the

present density map. Fucther discussion will'be

presented in latter section.

Inosine:—

"

Duc1ng the prellmlnacy studies, it was dlscovered that

the inosiine molecule exists ip the SYN~c0nf0rmation

.which is.aifferent'from.the preferred ANTI-conformation

in solution. as punllshed {Schweyer et al 1968 Danyluk
and Hruska 1968). In this study, only the C({21) endo and
C(3"9 ehdo—puékeringfof'the ribose have been“considered.

since these are known to be the most stable fornms
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(Sundarallngam 1969) . Fr\m Observatior 1n the Richards
bo&, it is found tha: only the C(2') endo- puckerlng of
the rlbcce ring glvec a reasonable flt

The dlhedral angle CHI of the molecule is 232
degrees, vhich falls within the boundary proposed ty
Sundarallngam. This will be dlscussed in more detail in
the next sectlon. | | | ¢

Ihe distance betueen'the O(S').of the ribose'and
the N(B) of tne base is found to be 2 6 angstroms
Zgherefore the formatlon of hydrogen bond Letveen these

twao atoms whlch stablllzec the SYN-conformatlon is

highly likely.

FMN:-
‘Different conformaticns of the rings have‘been observed
al

t
1535

for thenﬁnN nolecule'(Bear ggbgl 1973; Smith ¢
.1C77) Slnce no conclusion could be drawn on the _
‘Aplanarlty of the molecule at thls resolutlon level, the
molecule - was taken ac coplanar 1n thls study.
Ccnclderlng the fact that oxygen is more electron
dense than the methyl group,_the part of the map bearlng
hlgher electron density is ass;gnea to the oxygen-— i
Tbearlng rlng. In bulldlng the rlbltyl tail of the
molecule, 1t vas. p0551ble to arrange all the ators in a

f staggered pOSltlon and have them fitted. reasonably wellg

into the electron den51ty map at the sanme tlme. The'

5
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isoallcxazine ring can be fitted with a moderate degree

of flexitility. However, due to the presence of the

ribityl tailithis flexibility is restricted. The demsity

map also allows a llmlted degree of freedcm for the

“ rlbltyl tall, but these varlatlons are el;mlnated if the

dihedral angles are concldered to be restricted in a
staggered.poSLtlonr:
Ihe portion of‘the density'map correSpondingfto the

phosphate oroup is nct vell deflned. This may be due to

» the pOSclhlllty that the ;hosphate group wh;ch lles at

the SOIVent reglon of the protein is freely rotatlng.‘»

‘ Table 2 is a 11=t of the dlhedral angles of fMN,‘

" ATP and Inos;ne,

ATP:~-
7

. Flttlng of the ATP molecule 1nto the dlfference densxt1

map of 2.5 resolutlon posed a rather dlrflcult pro“lemv

‘due tc the large degree of freedom of the AT@ molecule o

‘Wthh 1nclude=.the large number of dlhedral\angles and

e

~ the dlfferent puckerlng of the rlbose rlrg. SlDCG the
'C(2') endo. and- the C(3') endo are the most stable

;conforhatlcn, only these two types of su%ar conformers

have been consxdered in the flttlng procedure. When ther

¥ -

"_dlfference density map waclcontoured)at the level

: regularly used for the study of other Ilganu Sy 1t uas

ohserved that the contour map could not accomodate the



,h dense than the rest of the molecule, they are llkely to

- conformatlon can be best fltted. However,‘the

| “Tatle 2 T -
Dihedral _angles of FMN, Tnosmne anu ATP. .

X Y ¢ W W ‘-‘/z ‘«"’z. wj

o e -17¢ 130 59 160 145 =32 114
In051ne X y& _ - |
232 ~75 | | N
fﬂN ‘ "xl .—XQ, .-x3 'Xq, , ,x; | 'Xg v.'\v,x7

[
e

25 176 67 160 63 164 - 96-

"uhole‘molecule.'Apparently part of'theamoledule was not |

esolved at thlS contour 1evel Therefore, anOther

\_contour nap ‘was produced at a much lower level to

_‘accomodate the vhole‘molecule. Iaklng 1nto,con51deration.'

]

nthat although tbe phcsphates should be more electron

be mov1ng around in the solvent reglon, then the ///j
~ h . ) ]

.resultlng denelty*would be lower tban'that ofathe ribose

t
ring plus the base. Iherefore the denser reglon wae

iaSSlgDEd to. the rlbose ring and the base. Both thg C(2')¥

endo and C(3') endo have teen fltted in the SYN and ANTIYh

ccnlormatlon. It vas clear that the C(2') endo SYW Lo

p0551b111ty of havrng an ANTI conformer cannot be

excluded. Since ATP strongly févors the ANTI

'.conformatlon (Eertbod and Pullman 1973),4a flttlng of
'-the map wlth an ANTI ATP is also 1ncluded for the reader

- to. compare the two flttlngs. The phosphates can te

'[fltted 1: a number of poeltlons related by rotatlons
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aleng different diphosphat bonds as shown in fig3e. As

the ccntcurlng wvas dcne at|an 1nterme late level, only
one of the flve conformatnpns waf/obcervable which was

| herefore taken as the most\?se@erable p051t10n

(flg 3(e f g).

In studying the relative_confonmaticns of the pases
of these ligands with respect to the .protein, it was -
observed that there were two amino acid residues in tae

neighbounhood of/the ligands which sandhich-thé base*in

a stacklng fashlon. ‘They are the Tyr051ne 6(12 - and the'

zhenylalanlne 285. ‘Fig 4(a- e) 1llustrate the. stacklng

p051t10n< for Caffelne, Inos1ne, FMN and AlP. Ihey are}

all found to ke bound to the proteln ino a relatlvely

coplanar manner . except FHN whlch shous a dev1at10n of
‘ g

'_acout 25, degrees whlch wlll be accounted for* in the

.‘later sectlon.'Moreover all these llgandc adopt a more.

or: lesQ parallel longltudlnal ax1s when ctacked (1n

cther words, if the dlrectlon along the length of eachf

gmolecule is deflned as 1t< longltudlnal ax1s, ‘the. axes -

of dlfferent llgands adopt a sxmllar“oclentatlon).\"

Iable 3 glves ‘the eguatlon cf plane= of the varlous

[39]
- tn

)

)

.{f}

’lagands- Ihe angles betueen these planes have alco been 1_;

b

‘ computed and llsted ir Table 4. Co-ordlnates for llgands o

’are llsted ln Tahle S(a e).

I:oflnjéstigate theiovetall_étructn:al change$H0£ the‘;

-

D
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Fig. u4(a-e) are illustrations of how the ligand
between the two amino acids Phe-285 ard Tyr-€12
ligands are teing projected on the plane paralle
ring of Iyrcsine 612. ' '

T

‘are stacked
all the ;
_to the

&

P

ST o




' Flg.,,Ud.FHN



Fig. We. AT?

oo maptE 3 e
 Equaticns of least sgquare places of tke ligands and the two
- stacking .aaino acids, XCosaA+YCosE+ZCosC=D, where D =
perpendicular distance frecm the origin of the unit cell to

¢

g the ‘plane where all the atoms of the ring-lie. A, B and C .

.are angles-hetwéen_ﬁhq\n?&mal to the'plane»andfpoﬁitiVe X,
. NM¥F CosA - CesE CosC . . D
s "Phe=28% . -0.619 = "0.655 - =0.433 =16.53
-~ Iyr-612  -0.709 - 0.623 0+ -0.329 . -19.ce ¢
 Caffeinel -0.675  0.6€7 . -0.265 = - - 3.88
0.883 ' =0.307  :11.38
0.545 - -, =0.270 ~ ~ =18.72
0.313 - =-0.328 - '7. =32.45"

~Caffeine2 =-0.893
- Inosine - =0,794
(PN Z0.892
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P s K C
: o TAELE 4 , , .
Dlhedrdl angles tetweea the lzast) squared rlanes of table 2.
"NAME  Phe Iyr caffl -Caff2 ‘Ipo EMN- AEE
ATP 1226 7.6 2.6 E.4 11.4 26.2 0.0,
FUN 28.97 20.7 28.2  22.8  14.5°0.0 . L
Ino . 1€.1 7.4 10.6. &€.7 02
Caff2 8.4 2.3 3.1 0.0
caff1  10.1- S.u4 .0.C ’ '
Iyt ) 8.8 0.0 ¢ - ’
Phe 0.0 -

A}

Takle 5(a e) are llStS of Carte51an coordlnates of the

fitted ligands defined in the unit cell with' the stdndard -
~origin as used for the protein. The three columns ‘

corresponds to the x, Y and z yoordlnates in Angstroms.<

R . o &
T e : E -TAELEgSa. Cafieinel - RIS
) N1 ' - 38.717 36.64 - 25.40
C s 37485 - 35.56 28.92. - . .
<10 [ 39.70 £ 37.14 . . 28.36
- C6 ©'38.179 .~ 37.%8°  -30.65 o
N3 A,'» ...37.03 35.15. .. .29.84 SR
011 - 37.92 35426 27.771..
. Cc1z - 36.0¢ 34,06 - 29.46
-c4 36.99 . 35.67 S 31.17
cs 37.84. " 36.64 . 3P.57
NS - 36.27 35022 . . 3z2.11
013 S 39,64 - 38.10 77 30.90
N7 - -~ 37.%3 T 36.90  32.92
S C8 ' 36.60 35.99 - 33.22
C1 -38¢19,@ . 37.86 13 82

" Tablé Sb. Caffeine2 .

ERER | Cxe oy g
.. N1 37.96  ; 35.75 . 29.06
-¢c2 . - 38.9 ©36.89 - 29.34
c10 .0 38,05 ¢ 35.22 0 27.69
c6' . 37,08 o 3%.217 . . 29.95 ..
N3 - 38.82 .  37.32 - -30.56
011 .~ 39.66" - 37.18 .. 28.46 .
C12 . 39.72 . 38.46 30.93°7 ,
c4 037,93 . 36.81 0 31.54
cE - - 37.06 .. .. 35.80 .. 31.25.-
NG - 37.72 . 37.28 - .. 32,74
L0013 '36.34 . 34.25 0 29.55
: N7, 36.36 - 35.54 T 32,43
X ce - - 36,717 36.50 . 33.28
ciy -« 35.39 =]3u,5u»an-\-3z.eu\_
*\x

4

L -



\~ 4 Tatle 5c.. Inosine
) G Y - z
N1 37.50 °  35.38 . .29:32
c2 - N38.71 36.47 29,20
c6 . 37.23 . 35.01 30.51
3 . 38.94 37.36 2 30.12
¥ol'y 38.3% <p\‘37.03 31.31
CcS 37.5% ;235,94 31.54
05 36.56 <=7 34.01. 30.56
N7 37.0€ . 35.96 - 32.8¢€,
S NS . 38.45 - " 37.68 . 32.49 .
) ' 8 . 37.65 - 37.02 - 33.37
: B C1' - -~ 33,26 ~ 38.88 32,74
o1 38.87. 39.77 - 31.61
czv 40.7¢C - 38.60 - 32,53
. Cyr 40,05 = 40.52 - 31626
S 02! 41,28 -~ 38.02 - 33,85
: - c3¢ 41,15 40.02 - 32.19 °
03t 41,20 40.82 . 33.33
v T C5Y 40,20 40.41 0 29.81
: Qs . - 40.68 39.12 . 29.46




NOT1
NO3
002
c02
Ccou
o004
coua
NOS

c1Qa
N1Q

caca

- C06

c09aA
- CO¢%
Cc13

co7
" co8
c12

c11
cy
014
€15
015

. C16

016
c17
c17
P17
018
. 019
020

i B

A . -
et

fablew5d. FHN

Y

37.65 #1.03
L 36.62 32.54
38.93 32.72
v ’ 32.27
32.217
32.87
30.88

. 30.31-
30.31
25.09

29.05°

28.40
. 28.39
L R27.09
' 28.40
2.7 27.04

. 33.71° - 26.u4b4
33055 24.97
31.35 26434
38.27 . 29,37
37.51 . - 30.20
36.38 - 28.69
40.38 - 29.73
- 38.96° . 27.92
37:75 - 27.26
0 36.96 ' 26.89
o 4118 -, 27.68
42.23 26.88
43.31  ;26.30
42.59 - ©27.85

41.39 - 2E5.74 .

A
. ‘0 k
- ® . ’

CQ"




Cc2
N1
N3
Cy4

NS
Ce

N7
ce
ci
cz'
01"
cur
02"
3¢
03"
Cs!

>051
21
01
011
06!
22
02
0p2

7t
P3
03
033
0333

N10

Table 5e. ATP (SIN)

X
38.172
37.8€
38.890

37.54

3€.97

- 37.81

36.93
3€.12
36. 30
36.76¢
38.7¢
3e.17¢
39.96
41.06

38.00
40.32 .

40.47
41.67
42.173
42.7¢
41.36
44.00

42. €€ -

43.38

- 44.92

LY

43.13
42,358
40.492
41.217
40.2¢%

40,32

Y

- 37.86

37.26

+ 37.57

36.58
35.96
36.03
36.33
35% 81
35.00
35.07
36. 16
37.63
35. 84

37.52

37.48°

36.86
37.48

 38.55

36.88
40.46
40.70
39.86
u0.94
40.48
42.27
40.55
40.0u

38.58, -

35.84

e

33.00
33.91
31.73

1.38
32.17

. 3C.12

33.55
34.43
31.“5
30.22

28.96

28.51

© . 25.59

2€.917
27.27
28.11
26.72
30.17
29.617

30.04°

29.61

-+ 29.53

31.47
32.66
32.92
32.0%
33.65
34,18
34.81
38.1°¢
32.90
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protein induced by these ligaads, the gradieat search

' \ - . .
prcgrar was used as described in Materials and Nethods. This

program calculates the electron density gradient at each of
the atcmic coordinates of the protein, the gradient will be

greater than zero when there 'are strtuctural changes.

[¢]

Therefore it can be used to locate tne @major scructacal

changes within a frotein if there are any. All the ligands

have been examined except caffeine, due to the high noise

level of the density hap as mentioned previously. No

Ny

significant main chain ncovement was okserved, which agrees
with the results of visual inspection of the density maps

and the spall value obtained from the % structure amplitude
2

changes as listed in Table 1.
In checking for the side chain movements, only the area
within six angstroms from the surface of the ligand was

studied. No significant density mass was ‘observed in the
3

neighbourhcod of q@é!ligands, so it can be interpreted as

absence of side chain movement in birding these ligands.
The inbibitor site contains twelve non-polar uncharged
aminc acids (Pro281, PheZ85, Fhe286, Leu3?¢, Er0380,'31a382,

Leu383, Pro610, Metb14, alaé15, Ile760 and ¥et763), Six

{

polar uncharged aminc acids (Asni133, Asn282, Asn284, IyrS72,
' ’ .

Gly611 and Tyr612), six basic amino acids (Arg385, His570,
Ly5573, His613, His747 and Arg769x and six acidic amino

acids (Asp283, Glu287, Gl§381, Glu38u, G1us71 angd Asp759)~in'
'a box within 4 angstfbms surrounding the ligands (The box is

defined by the minimum and maximum X, y, z coordinates of
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the ligands plus an extension of four angstroms along each’
of the three axes in both directdions. It appears as a
rectangular tox). Most of these amino acids are labelled in

. . "\ ' . .
Fig 5Se. ‘ 2

Table6adt are lists of the distances between the
ligands and [protein side chain atoms of interest (thoSe
atoms pairs which may form'hydrogen bond or electroetatiq(‘

interaction). When the box dimension is extended to ten

angstroms, the number of negative charged'amino acids becone '

~ slightly larger thén that of positive charged amino acids. 2

number'of hydrogen bonds may exist‘betweeh ATP and the

?Q

proteln, however, due to the uncertalnty of the atomic
coordlnates in thls model plus the comparatlvely 1ower
quallty of the flttlng of ATP, a firm: conclu31on has not
been drawn at thlslp01nt. Some posible palrs are N10 & ND of
Asn282, 03' & OE2 of Glu381 and 02' & OE1 of GluS71. Tt is
/interesting thét fhere are no short cont?cts (less than fbur
angstrons) beﬁween the protein and the pﬂosphates of AT>.
However, the are four glutamie acias and one arginine in a
box of 10 angstroms aroﬁnd the 05' of inésine. Tableéa shows
thatrpesides~the stacking amino acids 2he285 and Tyr612, the
ligand only comes into contact with Asn282,'glu287: HisS?Oﬂ,
Glu571 and, Gly61i;

As mentioned before, all the ligands are sandwiched

between Tyr-612 and Phe-285. aAn attempt has been. made to

1nvest1gate if these two,amlno acids have been tilted due to

* . the inclined stacking of the isoalloxazine ring of FMN. No



- TABLE 6a.
List of all van der FWaals contacts between the ligands and
S Protein within four angstroms. .

CAFFEINE 1 DISTANCE -
HIS , 570
c12 ~  C=E1 4.0
GLY 611
N7 0 3.5
c8 0 3.9
c1u o 3.8
c14 0 2.9
CAFFEINE 2
ASN - 282
clu ND 3.5
GLY 611 , p
N9 0o 3.4
c8 c 3.8
Cc8 6] 3.4 ™
INOSINF 3 ‘
GLY 611 . -
NS 0 3.7 :
lcs c 3.9
(o] 0 3.2
c11 0 3.8
FuN ,
ASN 282
00u ND 3.3
SLY - 611
i NO3 . 0 3.6
002 ~ C 3.6
002 4] 2.8
€92 0 3.4
ATP :
- ASN 282
. N10 - ND
. GLUO 287
VN1 OE2
N10 . O0E2 '
‘GLO - 381
. 03r- 0E2 .
- GLY 611 '
c2 0 )
Ly c v
N1 0
cé\ C .
c6 0 .
N 10} 0
SLU 571
A OE1 3.2



- TABLE 6b.
. List of all the interesting interactions betueen the proteln
and the ribtose plus phosphatex ( that is possible hydrogen
bondlng pa1r= and eletrostatic 1nteract1ng pairs vithin ten

angstrous) .
INQSINE " DISTANCE
AsSN 282 '
o1* ., . 0D 9.9
ct1r- ND 8.5 l
02* . 0D 8.4
02! ND 7.1
c3' ND 9.8
GLU 287 A _ ‘ :
o1 OE1 - S.1
c1 0E2 #.1
02' OE1 6.9 /
02' = GCE2 5.1
‘03', . OE1 - 8.8

- 03' . CE2 7.2
oSt ' -OEg 8.8
'LYs . 288
02" NZ - 5.3 -

- GLU 381 L y o
c1e CE2 . 9.t - -
o5t OE1 8.4
05' - OE2 6.8
GLg -~ 5N |
otr  ORE1 7.4

01t OE2 9.4
c3 ©0E1 5.6

5t CE1 622
05?1 OE 1 7.5
Asp - 168 R
¢s*  oD2 9.5
ARS 763 L

05' . NE - 9.7
05! " NH2 7.8
o5+ - NH1 8.1

i
ASH 282
004 ND- 3.2
ot oD . S.T°
014 ND 8.6
gLy 287

. 0lk ~ 0E1 5.7 :

014 OE2 - 1.6 - S

015 0E2 . 9.3 '

- GLU '.381
014~ + CE1 . 8.0
o014 - OE2 6.7
015~ OE1 . S.u
015 _OE2 - 7.7



016

016
017

017

217
P17
018

019

€20
020

GLU |
014
o1y

015

015"
c16 -

- 016
017
017

. P17

P17
c18
018

. 019

01§
029
020

ASR
P17

018
018
ASP
016
016
017
017
P17
217
018

018
019
19, .

Cc20

020
ASp
- C18 .
018 . -
018
- 019
019

020

020
020 -

QE1
0E2
CE1
OE2
OE1
0E2

0E2
0E2

0E1
0E2
571
0E1
0E2
OE1

T 0E2

OE1
OE2
CE1

OE2

QE1
OE2
0E1

_OE2
OE1

 0E2
CE1

0EZ-

759

' op1
oD1.
- 0Dp2 .

768
0D 1
0D2

oDl

- cp2
oD1

- 0D2
oDl
1 0D2
.oDp1.-
0D2

. 0D1

0D2
769

NE
. NH2
- NH1

¢ NH2

NH1

_NE -
- NH2
. NE1
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o011

ATP
N10
01°
01!
2!
23
P3
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. c3
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. .sucface assé'ealgn;ani;n-

R R : ! 49
A | R ,
L TABLE 7 . I
Sucface area buried and the enerqy involved (see text). Due
to limitation of space abbieviations are used for this =~
table. When the name of the ligaad first appears it is glvenv
the full name, XXX~C = ligagfids - protein complex, YXX+C =
llgands Flus protein. XXX-CCLS a measured: quantity while.
‘XXX+C is-a calculated gquantity. Delta Gh = hydrophobic free
energy, Celta Gtr = translational and rctational free
energy, Delta Gd = free energy of dlssoc1at10n and Delta H
Nenthalpy of the 1nteract10n. :

-

o véfsdrface dctange'in. -‘.fa@sg- s
- Name - -area . - area  Agh - AGtr  Agd by
Protein ~ 4536.8 S ==

Caffeinel ~ 348.8
Caff1+C 4€85.6

Caff1-C - 4409.6 ~ 476.0 12,0 =18 =5.5 =11.5
Caffeinez -~ =51.3 R L R :
Caff2+C = 4888.1 .- T e
- .Caff2-C 4409.7 - “u4J8.4  12.0  =-18 ¢ =5.,5 =11.5
PN 618.6 e“be T T . |
FMN+C . 515E.4 L e e
FAN-C 4501.8 » = '653.6 16.3 <20 . =6.8 . =10.5
Inosine - 382.7 s Lo T
... Ino*C 4919.5 - e S SRR s
~ Imo=C, - 4508.9 ~ 410.6 .10.3 = =-18.5 -=4.0 ~-12,2

| ConcluSicn:conld'hg dfavn"dﬁé to the amkiguity of the Dap.

t

Io understand and 1nterpret the llgand - prctelnf
’a 1nteract1cn 1s very dlfflcult Recently Janln and Chotblaf

A‘attempted to explaln thls prohlem by u51ng the concept of
. o -

'V}hydrophob1c1ty (Janln and. Chothla 1978)' Changes in
ol f . o
»acce551ble curface area as deflned bm Lee and

 )?»31chards (1971) had been used to deteraned the degree of O

- hydrophob1C1ty change.-U51ng the same concept the surfaceﬂv“d

°d~2area changes of the llgands before and after blndlng to the“fef

{protelnlhave been calculated and llsted in- Iable 7.‘Ih;s_,?

4: H1ll be descrlbed belov lD more detall.v,f’

e

N \,*':'
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JPESN
J
\.

_E.n_rgx“égr tie Bi .g of L.gands
| Iaklng the emplrlcal value of 25 cal rer square
'angstrom of accessrble surface area hurled (ChothLa 197&),A
“the hydrophohlc free energy has been calculated as llsted in
Table-?.rThe numher_of 25 has been derived from exper;ments |

- on'the solubilitj of amino acids in dif?erent solventsvby

’measurlng the ree energy of transfer of amino ac1d from a '
V;ncn~polar ref rence solvent tc an agueouc medlum. Flg ‘&6

- are space fllllng and Sthk bond drawlngs whlcb provmde a'.v,

better v1suallzat10n of the actual llgand-proteln d"

.‘; lnte;actlcn.‘vf/’ ’ | | = /‘ ,. o

o R _ S : ,

M . ' o ST

‘C. Discussion.

:Hhszg System

'”Q/SinCe,uHs4x.has‘been used throughout the study ffr the

Hd;lnterpretatlon of the results,vlt is de51rable at thls pozntt-

o

”to comment cn scme of the features that make At superlor to

-

the Rlchards Box =ystem. Flrstly,'51nce both the moleculef:f
- and the den51ty map can he rotated freely and can be ;; ’9”‘

ohserved from any orlemtatlon de51red, 1t glves a much

vnbetter flt tham the Rlchards box. Secondly,-51nce the System;

’ﬁproduces tbe measurement of ccordlnates autcmatlcally, thls IR

i'.

'f;'av01ds the ranipm errore generateu by manual measurement as ?

'5ﬂwell ac the systematlc error due to the Plchard hox such as if; '

D,.
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. Figures S & €(a-d) are st}ick-bvcnd-and space filling"drawincj-sv
of the four ligands teing studied, the crientation_,o-f the
ligands are all the sape. :

Ay

Pig. Sa. Caffeine . .
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’

Fig. Se. AIP (SIN) .  All amlno ac1d= are labelled with
one letter ccde. : 4

5

the diffraction (coﬁtractionf~of the half-way mirror and the
‘fhoto distorfidp dge tO0 Xeroxing of)the contour maps.

- Thirdly, the contour- level oflthe mep can be changed freely -
and'figures cenvbe prepaﬁéd zcre €asily and fiftiné can be

criticized mqre‘readily.

stacking ipteraction. ~9//i
The- stacxipg of the llgands betw g .Tyr-€12 and
Phe-28%, is a complex T T (p1~p1), van der Haalsj
interactjion. Elth the exceptlon of someeelectroetetlc
;ntecaetlcns with ceparatlon in the order of n;ne angctroms,

, . ; )
- no hydrogen tonds, charge or salt bridges have been ' - S

4
4

;} otsetved, thcugh b?drogén bonding might Le suspected lLetveen
the ring pitrcgen—6f Histidiné~570*3nd>06 of,Iccsihe.
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) ' .
However, since the distance between these two atoms is 4.9
. ©
angstroms, the formation of hydrogen bonding is highly \
unlikely even allowing for the errors in the coordinates.
- \)\‘ .

Since stacking is the only éignificant force
stabilizing the interaction hethen[the protein and ligands,
it is ;xpécted that the degreé of specificity of the binding
is limited to the overall molecular struéture of the 1igand;
This observation is consistent with the results of kinetic va
studies of ratkit muscle enzyme which show that the enzyme
has rélaxed specificity for a number of_compoﬁnds of
dlfferent rlng structurec ranglng from purine: analogues to. @
1soallcxa21ne rlng of rikoflavin (KaSV1nsky €t al 1978L, C) .

the Fresent study }s not the first incidence of
co-enzyme stacked hetveéﬁ two frotein side chains.’Simil;r
binding has Lteen reported of FMN in Flavbdoxin (Fatenpaugh
‘et al 1973), in thch case the stacking involvedvparallel

stacking with a tyrosihe‘and 45 degreé inclined stacking

With a tryptcphan. 0 7

/
{

Stacking has been regarded as an important factor in

stabilizing rolynucleotide structures and in directing the

~

bindihgvof arcmatié compounds to nucle;c acids. In a reviewu
;by Bugg, the hase stacking pattern of over sevéhty crystal
=tructures of nacleic ac1d constltuents 1n polynucleotldes
had been examined (Bugg gt al 1971). It wvas found that R
extensive overlapping betweenm bases is unusual. |
fSurprisingiy, results.from_theoretical calculaticn glso

o

indicate that the highest gecmetric overlap between Lases
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does noi necessarily lead to the most favoraktle stacking
interaction (Orsteio et al 1978). In the present study, as
indicated by Fig.4a-e, the ligands overlap extensively with
Phe-285 but show only partial overlapping witg Tyr—612j In
the case of A&P' the adenine base does not penetrate\déeply
into the binding site. so the base ting is oot staoked os
extensively asvthe other ligands.

; Inlan attemp; to locate the étacking energy ninina
between bases, Orstein\hos calculated thg)potential’énergy
of stacking as a function of the rotational angle and
separation dlctance by decomp051ng the total base-palr
stacklng energy into its components, i.e. electrostatlc,
,polarlzatlon, dlsper51on, and rep0151on. It was ohserved

-

lthat the électros?atlc ccmponent controls the locatlon of
stacking mininma, &he most favorable relative base-pair
orientatiocn. Since the.presence of heteroatoms‘in an
aromatic hydrccarbon :esultg in ac asymmetric;electrosiotic
'environment, this is likely to control the mutual

) »
oreintaticn of the bases. As the number of heteroatons and
their loodtion'in-the ring vary, in the absence of specific
hydrogeo ﬂonding,pthe putual crientation bétueén £he ligands |
and the stacking amino acid side chains differ with 4/;;>
different ligapds. In addition, ;hé remoining parfs of the’
| moleoule'a15¢,;opose a‘restriotionlon théoo:ientation of the
basé, becauSe.they tend to position'fhemselves in a
relatlvely open area which is the solvent reglon.

23

AS mentloned in the Results, the llgands were stacked

i



in a more or less parallel fashion with respect to Tyr-€12
and Phe-285, with the exeeption of FMN, which exhibits a
"plane dihedral angle of 2% degrees. Ia the stacking cf most
bases, a rlane dihedral angle"of 0. - ¢ degrees is quite
commoﬁ. The fact that the FYN has such a large'inclinition,
may ke aegounted for by its increased size due to an
additional ring which causes the moleeule'to tilt-s}ightly
in ofger to accomoda;e itself in-the binding site. If it

‘ , Y
' were not tilted, it would ccllide with His-£70.

\\.gﬁgggensg 92 g..; tides-

The glyc051d1c tor51onal angle CHI ;s ‘used to 1ndlcate
the relative orientation of the ;lbose with respect to. the
base in the nucleotide. It is deflned by the rotatlon of tﬁe
C8-NS -bond of the base about the N9-C1' bond with re=pect to .
the C1"dq' tond of the sugar. The tors1onal angle is
83h51dered tc ke zero degrees wvhen C8- N9 are Cis- planar thh
respect to C1'-01%. A @ositive_CHI value is cbtained as the
base retates in a %ﬂeckwise direcxion,when viewed alohg the
C1-N9 axis The rlboce lS\lﬂ the ANTI conformatxon vhen CHI‘
is equal to 0+/-90 and SYN Hhen CEI is equal to 180+/-90
degrees (Flg.-z). - | | .

- In the gresent study, it is observedAtﬁat beth ATE and -
inosime are Bost likely in the SY¥N coqformation,,uithv |
dihedral angles beinmg 246 and,232,‘re5peé£ively.oln a review
b} suhdaralingagéanvestigating crystal structuces of 25

puclectides and nucleosides, bhe observed three distinct



regions for the@CHI m%lues of BETl Purine nucleoside,
namely, 3- -53, (120-123 and. 210 258 degrees. In the last -
, angular range, the conformatlcn has been observed to be
lstablllzed by 05-H.. .N3 hydrogenvbond;ng, and all theLg<>
4riboses exhlhit C(2') endopuckering (sundaralingamd‘ 5 |

}

Our study with 1n051ne, whlcb exhlblts similar

1969’1975);

‘characterlstlcs would. Hell fit lnto the last groupl AT?,
‘however, due to the absence of hydrogen bondlng betvcen 05
'and N3, can not be compared ulth these groups of structures
‘1nvestlgated From ancther study by Sundarallngam it was
also observed that nucleotides are conformatlcnally more‘
ﬂrlgld" thar nucle051des_(3uh1n.gt.gl 1972).. In}addltlon,‘it»
was'proposed that nucleotldes'erhibit only AﬁTI‘conformation,
: about the glycosyl bond, ‘whlle nucle051des may ex1st 1n botb
SIN or ANTI conformatlon. The appllcablllty of the above .
gererallzatlon, however, uould be 11m1ted by the size of the'
>
sa%ple studled thch 1= restrlcted by the number of
‘structures resolved by x-ray crystallography. Since it 1s \
guestlonable vhether Sundarallngam's proposal, whlch was

baced entlrely oﬁ‘the sunvey of X-ray crystallographlc

results (1n colld state in cry=tals), represents a. genulne o

fundamental dlfference wlth respect to the propertles of the"')

twc groups of nucleo compounds,-a theoretlcai 1nvest1gatlon
:'whlch employc the PCILO ccmputatlons has been performed by
:Pullman and assoclates (Eerthod and Pullman 1973a b). From ﬁ .

“the study of a number of purlne and pyrzmldlne
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5'-nucleotides, it was demonstrated thatjalthough quanosin?’i
“ard inosine S'Lphosphates show a preference_for’thefSYN -(;

Aconformation,.mOSt nuclectidec preber thepANII conformation.

Pullman's results aprear to lend sone support to the

prev1ous proposal as well as to prov1de a better theoretlcal
. %
con51deratlon of the problem. However, one-has tO‘be aware

of the llmltatlon of the methcdology of most theoretlcal
calculatlons. In this case, the pseudo-rotatlon of the
ribose has not been dealt with due to the complex1ty of the

problem. The rlbose was preflxed at elther the C(2') endo orj
\

the C(3') endo conformatlcn Therefore the appllcablllty of

,the results of the calculatlons is questlonable.

g

Although nucleotldes bound to enzymes are llkely
. / o ]
olstorted frcm thelr preferned conformatlons 1n solutlon,

¢

the~glycoeyl torsion lS mcst stubborn to~dlstortlon"
v‘(Sundarallngam 157‘). There has not been any report of 5'
Adenlne nucleotlde wlth the SYN conformatlor. In the present
study the ATE was observed to be in the less preferred SYN |
“conformatlon. The contradlctlon between th1< oocervatlon W
‘wltn the c1ted generallzatlon can be accounted for by the
followlng A 'c'le';f?,'_v oh " ‘

v1) The above gererallnatlon may not be representatlve,
Ht2) There mlght he some factors operatlng in ‘this partlcular
chase whlch may glve =uff1c1ent energy to overcome the
dv:glycosyl tor51on energy barrler. . |

LS

\-”The flrst posslblllty has been con51dered in the abOVe

.[‘

‘discu551on. However, 1t is 1nterest1ng to note that ATD when‘:
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bound to anotherlSite (AME/ATE actlvator site) of the Sane_
enzyne al=o exhlblts an ANTI conformatlon”(fangfg_ l
Junp%fllshed result 1978), whlch glhes another 1ncrdent to
vgsupport the valldlty of the gererallzatlon nelng dlscussed.
Therefore, we have to go. 1nto the second suggestlon to find
a p0551ble explanatlon of thls unusual hlndlng conformatlon.
"As has’ been po¢nted\out, the zolecules has to oktain
suff1c1ent energy a) to change from its "preferred" ANTI
conformatlon in solutlon to the SYN conformatlon in the

- blnding sxte, h) to have enough energy to ctablllze the

, "hlgh~energy" SYN conformatlon 1n the hlndlng 51te. Iheij'

'second energy regnlrement can. he ea51ly met hy the stacklng

g energy generated after “the llgand has been bound to the

- proteln. The. questlon now to ke con51dered is therefore\how

: the molecule undergoe'= 1t= ANTI - SYN transformatlon. Let us -

ocon51der a hypothetlcal SLtuatlon in whlch ATP ex1sts 1n the»b

solvent ln hlgh molarlty, there is flnate probablllty that' o
ome moleculec may have acgulred suff1c1ent energy for the
ANII = SYN trfjsformatlon.\51nce only the SYN cOnformer can
_»be fltted lnto the denclty map, it is llkely that that the l
i_enzyme can stablllze th:Lc less stahle conformatlcn.,Ac has:
='been p01nted out, thlS 1<‘pos=1ble only 1n the case of a-
‘hlgh concentratron of llgands.:v s . | | |
o Ihe above ldea has heen corroborated-experlmentally
‘"th;netlc studles carrled cut hy Ka=v1nsky g_ al (1078b c)
f;demonstrated that wlth adenlne and hypoxanthane, the ]_

"addltlon cr a rlhpse does not alter the 1nh1b1tory constant_‘



of the free tase (Tahle 8). However, addition of a-phoSphate

gLCUf. alters the 1nh1b1tory constants of these llgands,

| espec1ally 1n the case of adenosdne. The change of free

energy 1n blndlng from rnc51ne to IMP and from aden051ne to ﬂ’

Ah: are O 2 and 1. 6 Kcal respectlvely. It is 1mportant to .
- look 1nto the reason for this 51gn1f1cant dlfference between :
lthe energy regulrement for the blndlng of the tuo molecules.‘
'Followrng the argument c1ted prev1ously in thls s@ctlon, we ]

| can ‘assume that 1) although in solutlon both 1nosxne and

| aden051ne favor an ANTI ccnformatlon, these nucle051de

structures are. rather free 1n convertlng from -one o

.conformatlcn to the other, 2) addltlon of a phhsphate group,

: however, leGS the nuclec-compounds in thelr preferred h

:conformatlons whlch 15 ANII For AMP and p0551bly SYN for

‘; 3) the blndlng srte of these llgands favors stacklng-of'

fSYN conformers. | _ | S ‘} |
It can then he postulated that in order for AMP\to,be-d

il . . :

bound, 1t has to acgulre a certaln amount of energy to'j3

: convert to a rather unstable SYN conformat;on, whereas rn.;_

'1the case of IhP, thlS is unnecessary. The sllght 1ncrease ofkﬁﬁ

-

dthe 1nh1h1tory constant of IMP wlth respect to- 1n081ne may
2l}be due to the electrostatlc 1nteract10n between the'fv‘
.:phosphate and proteln 51de chalns (p0551b1y glu287, glu381
ft;g1u571 and arg769, tableé)v the electrostatlc 1nteractlon

-fmay he expressed bY the equatlon(SChulz and Schlrmer 1970)
. L - R : . li(’ P :
A

g



TAELE 8 ' "
Klnetlé data for the ligands studled o
‘ (Kasv1nsky et al 1978b,c).f

Ligands: . Conc, _ﬁ; - ,5
Caffeine | FE

COEMN 1
- Hypoxanpthine 0
JInosine SRR

1 pM. Dglta gd= RTLgKl
0 . '
9
1
1
- IMP g -—= 1
: _ | 0
0
6
6

1 -5.5
0.01 0 T-g.s

I -4 1
e - =41
5 -~ =3.9 -
4 4.7
4
0
{

‘Adenine . 1.0 _
o L -u.7

Aderosine - 1.
AMP - o ——
ATP C - L m——

N - N ‘ -3I0
- 60(10-20) (- 2.5)

EE —'.¥é1 ;';?/i ?

 1$§§i f'f
N f

dhere  $i= partial charges in
iJ electron éhérges‘é:l'ly'
;f&z?{distén¢éf££tﬁéénjéérfiai '
‘«phafgésiin Ahgstrqms.j;‘
é‘ . = ‘dié'_l_e.ctric;’ 'c'c_')'ns‘tanft -
“ * E = repulsion or attraction emergy

N

Ll
)

~ 7

- .ip;Kcalgéeffangstfdhf,'"
"J,ff“
'~@1f the dlelectrlc conctant 1¢ taken to be 30, the repu151°n.

Qbetveen two unlt negatlve charges af dlstances of 3, 6 Q,f_

*v 12 and 15 ang<troms Hlll te 3. 7._f?8 1 2' 0 9 and 0 7 Kcal“ " :”

‘/?ffrespectlczz?{_From table6 Lt is ev1dent that there are fourflff

 *f}fnegat1ve1y charged amlho ac:.dc (glu287 glu381, glu571 and 5}  1'

 °Vf’asp7se) and cne pos1t1vely charged dmino a°1d ‘3‘9769)

k)

.;' “w1th1n 10 ang=trcms of 05' of anSLne 1n the olndlng Slte,;  ff1

.¢} 1f a ;hosphate lS attaChed to the ofo, the net force can beffw"”



"fbe the

N
- 55
as hlgh as 4 tiges 1.2 Kcal minus 0.9 Kcal, that is 3.9
Kcal, therefore the COntrlbut1on of electrostatlc forces to.
~the blndlngfof 4P Hould te‘51gn1f1can-. This value of 3.9
~Kcal- for a monopole approxrmatlon may account tor the fact
that ATP doec not go into the nlndlng 51te far enough and
hence resulted 1n a. ueaker hlndlng. hovever, due to the
large numher of chargeq 1nvolved detalled calculatlon of
"the net force is dlfflcult and has not- heen undertaken.
E In the case-of ATP, there 1s a varratlon-ln the

“reported Ki valuec betueen SOluthD and crystal studle

':Iaklng the results of crystal studles and assumlng the mean o

fto be 15 mﬂ,dwe can- shov tnat the free energy regulred for

v3}the blndlng of ATP to the enzyme is. 2 5 Kcal (Table 8)
'Therefore, dlfference 1n free energy of blndlng between ALP‘
d& aden051ne is 2.1 Kcal . tbls may he the results of 1) N

.electrostatlc‘1nteractlon, and/or 2) conformatlonal 11/_

“tran51tlon.-Further, the dlfference between hlndlng of AlP

sand AMP 1nd1cates that the presence of two addltlnal

”phosphates doe< not affect the blndlng of the nucleotlde to g

’ i*the enzyme tc any great extent once the molecule has been

\ffmade "rlgld" by the flrst phoephate_,j{;,g_;gx:,

Co.

:Ig__;g- ngrgetlcc gj llqand Proteln ;nte actlon

Slnce Kauzmann 1ntroduced the concept of hydrophoblc

'“ibondlng 'Kauzmann 1959),,1t has been concrderea by scme to

._J

d. ’
*lproteln multlsuhunrt complexe and blndlng of small

1mportant ‘orce 1n proteln folding, fcrmatlon of"ﬁ



.

051ng the concert of access1hle surface area
v’

A
. ’

' llgand
deflned by. Lee and Rlchards (1971) as - 1llustrated in Flg.7

lt vas propoced that ‘energy is released when proteln

acce551ble surface is "hurled" 7;that is, - remomed from
and the magnltude of thlS energy has

contact wlth solvent
been determlned emplrlcally as 25 cal pér sq. angstrom of

3

proteln accessxble surface arfa burled (Chothla 1974) <
Janln and Chothla have recently applled this. concept to

study the hlndlng of coenzymes to Flavodox1n (Janln and.
Chothla 1979), Lactate dehydrogepase and | {'F--j R AN
ulyceraldehyde~3-phosphate dehydroqenase. They calculated |

Delta G from the followlng equatlons'—

Delta u-vDelta GZt + Telta Gh -

!

5 BT rnxl‘

=

o Delta G = |
Where Delta Grt 1s the free energy loss in translatlonal and

rotatlcnal degrees of freedom, Delta Gh is the galn 1n

entropy due to hydrophohlc 1nteract10n and Kl 1s the

: 1nh1b1tory constant. -
The flrst equatlon 1s derlved from the cla551cal
relta H - T Delta S ;he

thermodynamlc equatlon Delta G

term T Delta S has been replaced hy two components Delta

and Delta uh The fl;st one glves a negatlve contrlb%tlon

. s.\ .
whlle the latter glves a posxtlve contrlbutlon to the
entropy of the sy=tem._The enthalpy term Delta H 1n the
equatlon has heen ascumed to he negllglhle, that°1s, no

ccnformatlonal changes cr other energy 1nteractlons. Forw

although hydrogen hondlng and Van der Waals contact do exlst

P TN



'[;'the two equatlons were ccmparable, henoe jUStlLYLDg tne

‘~vé{heen found 1n the Delta é calculatec from both eguatlons

© . PROBE.
“ MOLECULE

, Flg. 7. This is to give an lllustratlon of the,'
acce551ble curface area as deflned by lee and Rlchards(1971)

N

.betveen ‘the proteln and llgand they would maxe <1m1lar
. b e
'lnteractlon u1th the solvent wheu‘Pot boun%, maklngftuat'

'balance negl;glble. Ihe value of Delta G as. calculated From
' el

o
o .

f“”VomlsSLOn or Delta h._ffn
Ihe same caloulatlon has been carr1ed cut 1n our Q‘*&wudy

(?-,' A

";u51ng FHN,‘anSLue and caffelne. Large dlscrepanc1es have

The reascn for the seemlngly cout:adlctary ~0v;

*een the two studles can be due to the rollcw1ng
fe'llgands studled by us vere uot burled asl;fl

those ln the preVLous study. dence the

**,hydro;hcblc 1nteract1on 1s uot large enough to compensate-:jﬁ”

SR
B

6. g N FONE
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__for the entrcpy loss of the co-enzynmes involved. 2) Stacking

l

pﬂays an lmpcrtant role in the proteln-llgand 1nteractlon,‘
energy in our study whlle thlS does not exlst and 1o has not

been con51dered in Janln's study.vThls stacklng lnteractlon‘

a

1s an enthalpy drlven process and tan not be accounted for

ty the hydrophoblc energy alone. Therefore ‘an appre01able
_Delta B tern must be con51dered ln the present study.
A sxmple rearrangement of the equations C1ted-above1

'would glve the follou1ng=°~

EIln Ki - T Delta S

-Delta H

n

| RTLn Kl - Delta wrt --Delta Gh

llIf thls Delta H 1= contrlbuted solely by the stacklng
llnteractlon, Delta H/2 vould glve us the stacklng enthalpy,
;51noe the stacklng lnteractlon in our study involved 2
._palr stacklng,"whlch is terSLne - llgand and llaand -

"phenylalanlne. / ._(<“ i'r- '.; ‘f. ' ‘e L . |

‘The experlmeutal and theoretlcal value of Delta H for.

Arsﬁacklng has heen under exten51ve 1nvest1gatlon by other

)

'vorkers (Ts'o et al. 1963 Vorst et al 1965 Stoesser g; al

4

*»1966* Glll“ t l 1967 vuupta g_ _l 1578)‘ No agr@ement has."
| mbeen arrlved a+ due to the dlfflcultles lnvolved 1n its _;b
‘ vmeasurement. A number of values have been reported ranglng

ffrom 3 KCal/mole to 10 Kcal/mole. The Delta H/2 values\L'

J'-obta1ned from our study have heen llStEd 1n Table 7. They

hfall well w1th1n the reported range or values and agree

ifi qute closely wlth one another. Thls suggéetc that the

o P
fQ_Vstacklng energy 1nvolved 1n the olndlng of these llgands



S

© 9

,jgch anism gg 1nh1t1tlon of enzymatlc functlon.

Ty

does.notvdiﬁfer»apprecigbly'from one‘case‘to another. Ihey
difterence of{their:binding constant is therefore T
contrituted pmainly by the‘dlfference in thelr entropy,
Zhi&h in- thls case,(ls the d%tatlonal translatlonal entropy
and the hydrophohlc entropy.'clnce Delta Gh repmecents the
hydrophoblc lnteractlon hetween the llgand ‘and’ the proteln,
the akove obcervatlon sugge<t= ‘that the dlfference ln the Ki
of one’ system from another is determlned malnly by the.
dlfference in the curface area of the llgand hurled in the

I

proteln. . I , T

From the above dlscussion it has gradually become /J

-

aptarent that stacklng 1nteract10n plays an 1mportant role
ln select1v1ty of the nucle051de blndlng 31te..As mentloned
ln the lntroductlon, the enzyme phosphorylase a exlsts in a

state of T R equlllbrlum in sclutlon. In a recent -

o

crystallcgraphlc study w1th the enzyme, lt was found that as

the enzyme undergoe< 1ts I-R conver51on 1nduced by UDPG, one

hvof 1ts polypeptlde loops whlch jOlnS hellx 265 275 and

290 310 1c dlsplaced from 1ts "or;glnal" p051tlon as." -

f
demonstrated 1n Flg 8 A close examlnation of a wlre model

\

I3

”3suggests that,as long a .the "movable" loop remalns 1n 1t5»

ﬂ"orlglnal" %§51tlon, the entrance of substrate 1nto the

>

3 ‘?\
actlve szte would be blocked and hence the enzyme would be

ln 1ts lnactlve féfﬁ**ln addltlon, the center gf the

py:ophosphate of UDPu 15,2;0 angstroms from the OG of 'vi;_a‘”

59
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Fig. 8. Ihterpretation of the difference density map
from UDPG experiment, red represents the negative contouring
while blue represents the positive contouring. Usually when
the chain movetent is will defined, omne can correlate the .
-negative density with the positive density. However, in this
case, the movable loop which is shown in*dashes pight likely
becomes disordered so.no positive density can be assigned to
it as its final position. ' :

<

Asp-283 of the (T) form which vould suggest that the Asp-283°
must move gpcn bindiﬁglpf UDPS,%resulting in the movement bf
the whole loop. -

one of tke amino acids Pb;-285 which is“ianlved ip the
st#cking compiex is locétég in ‘the movgblé,lcbp; The
'presenqe of inhibitors attaches this Phe to Iyr-€12 to fornm
a s;agking complex, thus fiiing thé "ﬁdvab;e" loop to its

'"original" [csition. As a result, the T-form of the eniyme »
» . . , d .



isdstatilized. The argument is supported by thevfindihg that
in Pctatc thcsphorylase, which exhilbits no'regulation, the
Phe-285 ;s‘replacedfby Serine‘(Nakanoﬁgt al 1978).’Hdﬁever,
this pay not be the only mechanism contributing to this
stability. It has been‘}eported that thie inhibitionasite is
anergistic with respect to gdlucose iha%@ition of
rtasphorylase é. In previous study, it hﬁﬂ been observed

that hydrcgen bonding may exist between the C2 of the

glucose and the ND of Asp- 28u,_wh1ch 1s also located on the

° —

movatle lcop (Yang et al 1978 unpubllshed recultc). It can
be postulated that this hydrogen bondlng may glve further
stablllty to the loop and hence the enzyme in its T form. If
this pcstulation is true, this can p;ovide a rossible

- explanaticn to the above mentioned Synetgied. o

It has keen demonstrated that in liver phoeehocylase a,

a functiona; "nucleoside(site"-alse exists; roth in vitro

and in vivo. This "nucle051de 51te" appears to hayve a higher
selectivity than the muse\e enzyme, for it only allous the
binding of purlne and purine analogues. However, 1t is
questlonable uhether a phy51ologlcal effector does exist
wvhich is able to bird to this "nucleoside site" in ¥vjivo
(Kasvinsgy‘g; al 1978c) . To.answe: this question, a number
of‘eiperiments have Leen d03e ;n this labaqratory Lty soaking

- crystals of puscle thosthcrylase a in'livet extraCti(Madsen
aad Fletterick unpublished). Subseguent crystallographic

studies have revealed an unidentified ligand(s) which tinds

to this “pucleoside site". The electron density map, as



shown in Fig 9 suggests tha? thQTpound ligand is likely to
te a puciﬂe analogue. Since the musclé enzyne used has a
relaxed specificity on tinding of effectors, it is possitle
that this dersity. magp may repreéent the average of & numbér
of ligands of similarc stfuctures,.Therefore any'attempt to
interpret tlkis density amap has to be doné,uith'caution.
Hovever, since the site méy be involved in the insulin
governed glﬁcosé homeostdsis, it is expected that future
identification of theveﬁfeCpor in the phyﬁiological systen
will bring atout silgnificant insight on the understanding of

this important hormonal regulatory systenm.

- [

.t t)Pig. 5. Unkncwn ligapds in the liver extract (see
ext) . : - -

o



D. Conclusion

In the present study, a nﬁmoer of fused-ring ligan@s
have been used to investigate cne of the segulatoryvsites 5f
the muscle enzyme phosphorylase a. Although the study has
teen somewhat limited by the :esolutlon of the drfference
electron density map due to the present AIR phases
attainable, ve vere -able to olktain a number of interesting
findings on the energetlcc ck the proteln ligands
'lnteractlon as uell as some aspects on the 1nhlb1tlon‘
}mechanlsm. douever we bave not been able to obtaln a fu1l
' unaerstandlng of the pattern 1nvolved in the stacklng..Thls

‘may ke rendered possible in the future after the grotein

phases have been refined or with higher resolution Delta %

maps of these and additional ligands{
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