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Reseni trojrozmérné struktury biologickych makromolekul metodou

rentgenové strukturni analyzy.

1. Uvod

Metoda rentgenové monokrystalové strukturni analyzy je ¢asto vysvétlovana pomoci
analogie s klasickou svételnou mikroskopii. Pfi urCovani struktury s pomoci mikroskopu
vyuzivame interakce hmoty, preparatu s elektromagnetickym zarenim v oboru viditelného
svetla (obor vinovych délek cca 350 — 800 nm). U metody rentgenové monokrystalové
strukturni analyzy (v dal$im textu budeme hovorit jen o rentgenové krystalografii nebo
rentgenové proteinové Krystalografii) je situace obdobna, strukturu molekuly tvorici krystal
studujeme pomoci interakce s elektromagnetickym zafenim, tentokrate v oboru rentgenového
zateni (obor vinovych délek cca 50 — 500 pm; 0.5 — 5 A). Ze srovnani pouzivanych vlnovych
délek vyplyva, jaké strukturni detaily je mozné srovnavanymi metodami studovat. Je znamo,
ze maximalni rozliSeni jakékoli fyzikalni metody vyuzivajici elektromagnetické zareni je
rovno poloviné vinové délky pouzitého zareni. proto je svételna mikroskopie vhodna ke
studiu napiiklad Zivych bun¢k a jejich struktur zatimco rentgenova Kkrystalografie je
vhodnou metodou pro studium chemickych sloucenin, kde jednotlivé atomy spojené
chemickymi vazbami jsou ve vzajemnych vzdalenostech v oboru jednotek A. Dobie se také
na této analogii vysvétluje dulezitost matematickych metod. U svételné mikroskopie mame
zdroj zareni, pozorovany objekt, objektiv vytvarejici zvétSeny obraz a okular pro sledovani
vzniklého obrazu. U rentgenové krystalografie je situace obdobna, mame zdroj RTG zareni
a studovany monokrystal, ktery intereaguje se zarenim. Zde vSak analogie konci. jelikoz
neexistuji vhodné optické ¢Cleny pro praci s rtg zarenim, piebira jejich ulohu matematické
zpracovani. Poslednim fyzikalnim jevem vyuzitym v rentgenové krystalografii je detekce
difraktovan¢ho zareni. Ve chvili kdy je difrak¢ni obrazec digitalizovan, probiha dalsi
zpracovani a vyhodnocovani jen vypocetné s vyuzitim prislusnych programi, tedy nastrojt

numerické matematiky.



2. Fyzika zakladu difrakce

2.1. Difrakce jednim elektronem

Nedlouho po objevu RTG zareni bylo predpovézeno a nasledné i ukazano, ze toto zafeni
na krystalech difraktuje (rozptyluje se). tj. je odklanéno od puvodniho sméru do konkrétnich
sméri. Difrakce rtg paprsku na krystalu je vysledkem interakce elektrické slozky
elektromagnetického zateni s elektrony v krystalu. Pokud monochromatické polarizované
zafeni dopadne na elektron, elektron zacne oscilovat ve sméru elektrického vektoru
dopadajiciho zafeni. Tento oscilujici elektron se stava sam zdrojem zafeni se stejnou frekvenci
( elektron muze taktéz vyzarovat na nizsi frekvenci, kterou se vSak pro nedostatek prostoru
nebudeme zabyvat; Comptonuv neelasticky rozptyl). Pii elastickém rozptylu (Thomsonuv
jev) je:

1) Fazovy rozdil mezi dopadajici a rozptylenou vinou .
2) Amplituda elektrické rozptylené casti viny ve vzdalenosti r ( vzdalenost velka ve

srovnani s vinovou délkou zareni) je

n

| [ :
E,=E,——sing, (1) Thomsonuv vztah
rnes
kde Ej je amplituda elektrick¢ho vektoru dopadajiciho zafeni , e naboj elektronu, m jeho
hmotnost, ¢ rychlost svétla a ¢ je uhel mezi smérem oscilace elektronu a rozptylenym

zarenim. Vyjadfeno v energii,

I'f e o : o
l,=1,— — | sin” @, (2) Thomsonuv vztah pro energii
T mc-

Bylo dokazéano (Klein&Nishima 1929 a také Heitler 1966). ze rozptyl na jednom elektronu
muze byt dobfe popsan klasickym Thomsonovym rozptylem pokud pro uzité zareni plati
hv<<m¢’, takze vzhledem k rozsahu pouzitych vlnovych délek (viz. uvod) je klasicka
aproximace vhodna. Zde je vhodné poznamenat Ze:

1) Intenzita rozptylena volnym elektronem je nezavisla na vinové délce .

2) Thomsonuv vztah plati téz pro protony a atomova jadra, avSak vzhledem k

jejich hmotnosti je jejich pfispévek zanedbatelny.
3) Vztah 2 plati pro polarizované zafeni a pro nepolarizované zafeni musi byt ¢len sin’¢

nahrazen vhodnym polariza¢nim faktorem.



2.2. Difrakce na dvojici elektronu

Vhodny vztah pro popis difrakce systému lze odvodit klasicky vypoctem fazové
diference mezi vlnami rozptylenymi obéma atomy. Na obrazku 1 je znazornén systém dvou
elektronu, pocatek lezi v pozici elektronu 1 a elektron 2 je v pozici 7. Elektrony rozptyluji
dopadajici zafeni popsané vektorem 5, ve sméru popsaném vektorem s . Délka vektoru muze
byt volena libovolné, ale je s vyhodou zvolit délku 1/1. Oba elektrony rozptyluji (difraktuji)
nezavisle na sob¢ a proto amplitudy rozptylené elektronem jedna a dva jsou shodné, ale maji
rozdil ve fazi. Fazovy rozdil ma puvod v drahovém rozdilu mezi paprsky proslymi elektronem

jedna a dva. Drahovy rozdil je p+¢q = /E[F.(.'s‘[, = ?)] a vysledny fazovy rozdil je
—22|F (5, -5)/ A =24 S 3)

kde §=5-F5,.

Obrazek 1. Cerné body jsou elektrony. Pocatek lezi v elektronu 1 a elektron 2 lezi
v pozici 7 . Elektrony jsou ozafovany rtg paprskem popsanym vektorem §, Rozptylené
zafeni je pozorovano ve sméru vektoru s . Vzhledem k drahovému rozdilu p + ¢. bude

paprsek rozptyleny elektronem 2 pozadu ve tazi za paprskem rozptylenym elektronem 1.

Z obrazku 2 je zrejmé. ze smér vektoru S je kolmy k imaginarni reflexni roviné a ze
uhel dopadu zafeni a uhel ve kterém je zafeni rozptyleno jsou shodné. Dale lze ukazat e,
délka S je dana vztahem

S|=2sin6/A. (4)



Obrazek 2. Difrakei se dopadajici

~~ ' vlna 5, méni ve vinu 5. Velikost

obou vektoru je rovna 1/A
Obrazek vysvétluje, jak muze byt
difrakce popsana jako odraz na

zrcadlové  roviné  (zrcadlova

rovina ¢arkovang).

2.3. Difrakce na atomu.

Pro volny elektron nebo elektrony volné vazané k atomu (tj. je-li vazebna energie a
tlumeni harmonického kmitani elektronu zpusobené vazbou k atomu zanedbatelné vuci
energii dopadajiciho zareni) lze amplitudu rozptylu atomem vyjadrfit jako pomér rozptylu na
atomu vuci rozptylu na jednom elektronu. Protoze elektrony jsou okolo jadra rozmistény
v elektronovém oblaku ktery je stiedové symetricky (tato aproximace je pouzitelna az do
rozliseni 0.6 A), tedy plati: p(r) = p(-r), kde p(r) je elektronova hustota v bodé r. Objem dV,
v bodé r obsahuje p(r)dV, elektronti a obdobné dV, v bodé -r obsahuje p(-r)dV, elektront.
Kombinovany rozptyl téchto dvou objemovych elementu lze vyjadfit v jednotkach rozptylu
volnych elektronu takto:
p(F)e’™ Lo )dV, =2 p(F)cos(2aF.S)dV, (3),
jde tedy o realnou funkci. Je-li rozdéleni elektronové hustoty v atomu popsano stredove

symetrickou  funkci  p(¥), pak pro atomovy rozptylovy  faktor  plati:

S = Ip(?}e‘z”'q’ dls = JE;}(?’) cosQ x 7.8)dV, (6), atomovy rozptylovy faktor,
-

vi2
kde S =(5—5,)/ 4 je difrakéni vektor zavedeny na obr. 2 a integrace s proménnou 7 probiha

pres cely prostor.

Obrazek 3. Hodnota atomového
rozptylového faktoru /v zavislosti na
rozptylovém uhlu (napf. pro atom
kysliku; osm elektronu).
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Rozptylova amplituda atomu se nazyva atomovy rozptylovy faktor f Vyjadiuje
rozptylovou amplitudu atomu v jednotkach elektronu. Atomové f faktory jsou vypocteny pro
stéricky prumérované elektronové hustoty a proto nejsou zavislé na sméru difrakce.
Hodnoty f faktoru jsou udany v Mezinarodnich Krystalografickych tabulkach ITC (ITC —
International Tables for Crystallography) jako funkce sinO/A. Hodnota f faktoru klesa
s rostoucim sin®/A viz. obr. 3, pokles je zpusoben interferenci elektronti v elektronovém
oblaku. Ve sméru 0=0, vsechny elektrony difraktuji ve fazi a atomovy strukturni faktor je

roven poctu elektronu atomu.



3. Rentgenova strukturni analyza

Rentgenova strukturni analyza je analyzou difrak¢niho obrazu vzniklého interakci
rentgenova zafeni s krystalem. Vse je zalozeno na faktu, Ze elektromagnetické zafeni je
nabitymi ¢asticemi rozptylovano. Podle Thomsonova vztahu (viz vySe) je intenzita rozptylu
nepiimo umérna hmotnosti ¢astice, a proto se zajimame o rozptyl na elektronech a ne na
protonech. Krystal je periodicky se opakujici prostiedi obsahujici periodicky se opakujici
elektronovou hustotu, a proto v ném dochazi k difrakci elektromagnetického zareni. Difrakce
Je pozorovatelna pro rentgenové zareni, jehoz vinova délka je fadové srovnatelna s typickymi
mezirovinnymi vzdalenostmi v krystalu. Kritérium pro pozorovani difrakce je vyjadieno
Braggovym zakonem nebo v reciprokém prostoru pomoci Ewaldovy konstrukce, jak je to

zachyceno na obrazku 4.

Braggiiv zakon Ewaldova konstrukce

€ .. Bragguv uhel
28 . difrakeni dhel

54 jednotkovy vektor ve smeru dopadu
5. jednotkovy vektor ve smeru rozptylu
S difrakeni vektor, S=(s-sg) /A

2dygsm @=nl hkl nesoudélna (Millerovy indexy), n lib. prirozené cislo
|S|=ls-sgllA=2s1in @A=1/ dpy; bkl soudelna (difrakeni indexy), n=1

Obrazek 4. Bragguv zakon, Ewaldova konstrukce.



Teorie rentgenové difrakce byla popsana v mnoha ucebnicich (Valvoda, 1992;
Giacovazzo, 2000; Clegg, 2002), zrovna tak jako specifika a praktické navody pro feSeni
struktur proteint na zakladé rentgenové difrakce (McRee, 1993; Blundell a Johnson, 1976,
Marek, 2002). Zde proto ptipomenme jen nékteré klicové vztahy kinematické teorie difrakce,

na nichz je moznost detailni strukturni analyzy zalozena.

3.1. Rozptyl na libovolném souboru atomu (napf. elementarni bunce krystalu):

Amplituda zafeni rozptyleného ve sméru § vSemi atomy jednotkové bunky krystalu je

umerna strukturnimu faktoru

= S s 2R TR,
F(S)= Z.f,,(-s Je (7) strukturni faktor,

n=1

kde 7, je polohovy vektor atomu v burice.
Intenzita zafeni rozptyleného atomy v elementarni bunce je potom rovna

I(S)=1,F(S)F"(S). (8)
tedy soucinu intenzity rozptylené volnym elektronem, strukturniho faktoru a jeho komplexné

sdruzené hodnoty.

3.2. Difrakce na malém krystalu:

Pro krystal tvaru rovnobéznosténu, jehoz hrany jsou rovnobézné s krystalografickymi

osami a jehoz délky jsou M;a, M>b, M;c (pii zakladni burice a, b, ¢), plati:

. sin’(7/A)5 -§,)- Md sin’(z/A)5 -5,)-M,b sin’(z/A)F =5,)- M ¢
sin®(w/A)5-5,)-@  sin’(z/A)5-5,)-b  sin’(x/A)5-5,)-¢

I-IFF (9)

Intenzita difraktovan¢ho zafeni / nabyva maxima v bodech, kde jsou splnény Laueho

difrak¢ni podminky:

(§-5,)-a=hA
(5-5,): b=kA (10) Laueho difrakcni podminky,
(5-5,):c=I14

kde ki, k. [ jsou libovolna cela ¢isla. Cim je krystal vétdi, tim rychleji funkce I ubyva se
vzdalenosti od maxim, je tedy soustiedéna do malych oblasti kolem maxim

charakterizovanych prislusnym A. k, [.



3.3. Vztah mezi strukturnimi faktory a elektronovou hustotou:

Nyni vime, Ze intenzity jsou nenulové jen v okoli maxim ur¢enych Laueho difrakénimi
podminkami. Ve strukturnich faktorech, jejichz absolutni hodnoty ur¢ime z naméfenych

intenzit, muzeme proto také pouzit Laueho difrakéni podminky a vime tedy, Ze plati

In

p -F=i_75-~---(x.y.z)=hx+ky+z’z: 7, (11)

o 3:_3:0

lq'.F:

tj. difrakeni vektor 1ze vyjadrit jako vektor reciprokého prostoru H = (h,k.,l), kde h. k. [ jsou
cela ¢isla a 7 =(x,y,z) jsou frakéni soufadnice v elementarni bunce. Mezi strukturnimi

faktory F(H)a elektronovou hustotou p(7) pak plati vztahy:

F( H )= I pr) cRs i)y (12) strukturni faktor (F,, naméreny)
>
N
B H) = Z.f;,( A)e*=8r (13) strukturni faktor (F,, vypocteny)
n=|
p(x,y,z)= Z Forne -2 (14) elektronova hustota
hk =—cx

kde V je objem elementarni bunky. Prvni vyraz popisuje vlastni difrakéni experiment, druhy
pak vypocet strukturnich faktorti na zakladé modelu a posledni rekonstrukci elektronové
hustoty jako Fourierovu transformaci strukturnich faktor.

Ve skutec¢nosti se neméfi maximalni intenzita, ale tzv. integralni intenzita zahrnujici
jistou malou oblast kolem maxima. Pfi interpretaci naméfenych intenzit je nutné brat v vahu
efekty, které zeslabuji intenzitu difrakce. Vztah mezi intenzitami a strukturnimi faktory pak
vypada takto:

I(H)=L-P-4-E-1,-F(H)F'(H) (15)

kde L je Lorentziv faktor (korekce na ruznost délky pruchodu reflexi Ewaldovou sférou,
zavisi na metodé méfeni), P je polarizacni faktor (P =(l +cos’ 0)/2 pro idealné
nepolarizované zafeni), 4 je absorptni korekce (zavisi na tvaru krystalu) a £ je korekce na
extinkci (efekt mnohonasobné difrakce na systému rovin a efekt zeslabeni primarniho paprsku
diky difrakci na povrchovych vrstvach krystalu).

Teplotni kmity atomu (a statické odchylky polohy atomu od jeho primémé polohy
v buiice prumérované pies soubor jednotlivych bunék v ozarené casti krystalu) se projevi
zeslabenim difrakce podle rovnice (16), kde B, je izotropni teplotni faktor n-tého atomu.

N 2
F(A)= Z f”(.’? )elmf? he B 2k (16)

n=1




4. Méreni difrakcnich dat a jejich zpracovani

Krystaly makromolekul jsou z hlediska méfeni difrakcénich dat velice problematicke.
Prvni problém vyplyva z velikosti elementarni bunky, diky které jsou pramérné intenzity
reflexi mnohem nizsi a jejich pocet vysSi. Za druhé, ¢ast objemu krystalu tvori kanaly
vyplnéné neusporadanym rozpoustédlem. takze dale snizuji intenzitu reflexi na vysokém
rozliSeni a ve vétsin¢ pripadi omezuji rozliseni na mnohem nizsi nez atomové. Za tieti, opéet
predevsim diky obsahu rozpoustédla, jsou krystaly citlivé na radia¢ni poskozeni. Nedavny
technicky pokrok v méricich metodach. jako napf. pouzivani synchrotronového zareni.
méfeni zmrazenych krystali a vysoce u¢inné plosné detektory, usnadnil méfeni, ale to stile
zustava zakladem celé strukturni analyzy. Proto je nezbytné tomuto klicovému kroku vénovat

maximalni pozornost.

Pro sbér dat zmakromolekularniho monokrystalu pfi konkrétni vinové délce
potiebujete difraktometr slozeny z nasledujicich soucasti:

(1) zdroj RTG zareni

(2) optickou soustavu pro fokusaci RTG zafeni na vzorek
(3) monochromator pro selekcei jedné vinové délky zareni
(4) kolimator pro upravu rozméru RTG zareni

(5) ..zaverku™ (shutter) pro kontrolu délky expozice

(6) goniostat spojeny s drzakem krystalu

(7) u¢inny plosny detektor

a jeste:
(8) software pro mereni, ukladani a zobrazovani exponovanych dat
(9) software pro zpracovani dat, tj. ziskani intenzit jednotlivych Braggovskych
difrakei a jejich chyb

4.1. Zdroj RTG zareni

Ve strukturni analyze makromolekul je praktiky vzdy pouzivana Cu anoda s fixni
vinovou délkou 1.542 A (pokud neni zdrojem synchrotronové zareni). Rotaéni anoda ma proti
klasické rentgence vyhodu vyssi intenzity RTG zafeni. Systémy jsou vybaveny grafitovym
monochromatorem, nebo fokusa¢nimi zrcadly, nebo vicevrstvou optikou (Osmic), které
zajist'uji fokusaci a monochromatizaci RTG zafeni. Velice dulezitda je volba apretury
kolimatoru, ta by mela odpovidat velikosti krystalu, avsak pro velké krystaly s velkou
elementarni buiikou je Iépe pozit kolimator s mensi apreturou néz velikost krystalu pro lepsi

prostorové rozliseni reflexi.

9



4.2. Goniostat a detektor

Difrakéni podminka je pro konkrétni reflexi splnéna pokud odpovidajici bod reciproké
miize protind plochu Ewaldovy sféry. Pokud je ozafovan stacionarni krystal RTG zarenim,
pak pouze nckter¢ reflexe splnuji difrakéni podminku. Proto pokud chceme zméfit vetsi
mnozstvi dat ( pokud mozno viechny méfitelné, tj. kompletni soubor dat), musime zménit
bud velikost Ewaldovy sféry nebo orientaci krystalu. Prvni moznost, s vyuzitim
polychromatickcho, ,bilého™ RTG zafeni je zaklad Laueho metody. Pokud pouzivame
monochromatické zafeni vybrané vinové délky, pak musime geometrii krystalu béhem
expozice ménit tak, aby byly difrakéni podminky splnény pro vice reflexi. Proteinové
difraktometry prakticky vzdy pozivaji rotaci krystalu a plosny detektor.

Prvnim ploSnymi detektory byly fotografické filmy automaticky snimané optickymi
denzitometry. Takto digitalizované difrakéni obrazce jsou dale zpracovavany. Hlavni
nevyhody pouziti fotografickych filmii byla pracnost, casova naro¢nost, vysoké pozadi a maly
dynamicky rozsah. Postupné byly vyvinuty dalsi plosné detektory: dratové proporcionalni
CitaCe, ..Imaging plates™ a kone¢né¢ CCD detektory ( charge-coupled devices ). Prakticky
vSechny soucasné plosné detektory jsou dnes pouzivany v kombinaci s goniostatem, ktery
zajistuje rotaci krystalu okolo jedné osy b&hem expozice. Zbylé piistroje vyzivaji kappa
geometrie (, K, ©) kolibky goniometru pro nastaveni krystalu do dal3i po¢ate¢ni polohy, ale

béhem méreni taktéz rotuji krystal kolem jedné osy.

4.3. Zaklady rota¢ni metody

Pti pouziti Ewaldovy konstrukce (obr. 4), ktera je geometrickou interpretaci Braggova
zakona, je monochromatické zafeni representovano povrchem koule o poloméru 1/A a krystal
reciprokou mfizkou. Reciproka miizka sestiava z bodu lezicich na konci vektorti kolmych
k difrakénim rovinam a jejich délka je imérna prevracené hodnoté mezirovinné vzdalenosti
1/d. Pfi rotacni metodg je krystal otacen o dany thel definovany jako uhel .

Pro krystal v jedné orientaci bude pouze mala ¢ast reflexi spliovat difrakéni podminku.
Pocet reflexi bude velice maly pro malé molekuly (v nékterych orientacich i nulovy). Krystaly
makromolekul maji vSak vétsi elementarni bunky (a, b, ¢ v fadu 100 A), pokud srovnavame
s vinovou délkou pouzitého zafeni, coz v geometrické interpretaci znamend, Ze reciproka
mfizka je velice hust¢ zaplnéna vzhledem k velikosti Ewaldovy sféry. Z toho vyplyva, ze

mnoho reflexi difraktuje soucasné do riznych sméru, jelikoz mnoho bodi reciproké miizky




lezi soucasné¢ na povrchu Ewaldovy sféry. To také vysvétluje vyhodu velkych plosnych

detektoru pro méfeni krystali s velkou elementarni burnkou.

Obr. 5 Rovina reflexi, ktera je priblizné
kolma k zafeni da vzniknout elipse reflexi
na detektoru.

o

Body reciproké mfize lezi v rovinach.

takze protinaji Ewaldovu  sféru
v kruznicich. Odpovidajici
difraktované reflexe z centra

Ewaldovy sféry tak tvoii kuzely a

jelikoz pii vétSiné experimenti je

detektor umistén kolmo na smér

primarniho svazku zareni, tvofi reflexe rovin elipsy (viz obr. 5). Pokud néktera osa krystalu

lezi témér paralelné s primarnim zafenim, elipsy vytvaieji soustiedné kruhy s centrem ve

stiedu detektoru. Vsechny reflexe lezici na jedné kruznici (elipse) maji jeden index spole¢ny a

pro necentrované bunky postupné vzrista o jednotku. Vzdalenosti mezi kruhy zaviseji na

prevracené hodnoté parametru rovnobézného s primarnim zarenim.

L ) Del:

Obr. 6 Redlny difrakéni
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Pii Ewaldoveé konstrukei predpokladame idealni zdroj zareni s totalné paralelnim

zafenim a idedlni krystal se vSemi elementarnimi bunkami stejné orientovanymi, takze




vysledkem by byly bodové, nekonecné ostré Braggovské difrakce. Realné experimentalni
podminky se od tohoto idedlu lisi ve tiech aspektech. Za prvé, dopadajici zafeni neni nikdy
dokonale paralelni, za druhé, realné zafeni neni striktné monochromatické a za treti, realné
krystaly jsou tvofeny malymi mosaikovymi bloky, které nejsou vzajemné presné stejné
orientované. Pokud meéfime krystaly makromolekul pii laboratorni teploté je rozpéti
vzajemné orientace mosaikovych blokli (mosaicita) vétsinou do 0.05°, ale pokud krystaly
méfime zmrazené muze mosaicita vzrust az na 1° i vice. V3echny tyto efekty (rozsifuji
difrakce na veétsi rozsah rotace krystalu.

Pokud mame zméfit dalsi reflexe, které v dané orientaci nelezi na povrchu Ewaldovy
sféry, pfi pouziti monochromatického zafeni, musime krystalem pohhybovat tak, aby pro
dalsi reflexe byly splnény difrakéni podminky. Pokud je krystal otacen okolo jedné osy
béhem po sobé nasledujicich expozicich, jedna se o rotacni metodu. V praxi je rota¢ni osa
je skoro vzdy osa rotace kolma k dopadajicimu zareni, tak aby byla zachovana symetrie
mezi obéma polovinami kompletniho snimku. Toto je nejcastéji pouzivana metoda pit mefeni
difrak¢nich dat krystal makromolekul. Pokud je krystal rotovan béhem expozice, elipsy
popsané pro fixni pozici krystalu méni svoji pozici. Vysledkem je, ze snimek vznikly béhem
expozice obsahuje vsechny difrakce mezi dvémi limitnimi pozicemi elips na zac¢atku a konci
dana rotace, které tvofi tzv. ,,pulmésice™ ( lunes ), viz obrazek 6.

U kazdého difrak¢niho experimentu ziskavame vice ¢i méné deformovany pramét ¢asti
reciproké mfize. Pri rotacni metodé jsou to tzv. ,lunes™ jez obsahuji difrakce mezi elipsami
vzniklymi mezi misty, ktera byla na Ewaldové sféte protata danou rovinou reciproké mrizky
mezi zacatkem a koncem rotac¢niho intervalu A¢. Pokud byla Ewaldova sféra protata danym
bodem reciproké miize kompletné. je zméfena uplné a naopak, pokud bod reciprokého
prostoru prosel jen z ¢asti Ewaldovou sférou, dokon¢i pruchod pii dalsi rotaci a dana reflexe
je na jednotlivych rotacnich snimcich registrovana po Castech. Vzhledem k velké hustoté
reciproké mrize je nemozné zméfit vSechny reflexe naraz béhem jedné velké rotace, jelikoz

by dochazelo k prekryvani difrakei.

4.4. Zpracovani difrakénich dat

Zpracovani dat které ziskame vySe popsanym zptisobem ma nékolik fazi:
1) indexovani difrakci
2) integrace intenzit difrakci

3) Skalovani intenzit difrakci




Pii indexovani se snazime pfifadit indexy jednotlivych bodu reciproké miize difrak¢nim
maximum na vSech postupnych snimcich exponovanych v ramci méfeni krystalu v dané
orientaci. Celkovy postup je nasledujici:

a) Nejprve vyhledame difrak¢éni maxima na jednom nebo vice snimcich.

b) Ur¢ime typ krystalové mfize a mrizkové parametry méfenc¢ho krystalu

¢) a orientaci krystalu vzhledem k laboratornimu systému souradnic.

d) Pii postupném zpracovani série difrak¢nich snimkt zpresnujeme, jak vySe uvedené

parametry popisujici krystal, tak také dalsi pristrojové parametry.

V prubéhu integrace kvantifikujeme intenzitu difrakce jednoznacné popsané indexy h,
k, 1 na daném snimku. Metody kvantifikace intenzit se lisi podle pouzit¢ho software,
nejpouzivanéjsi metodou je profilova analyza, kdy program, na zakladé analyzy kvalitnich
difrakci s nizkym pomérem signalu k Sumu, muze zpétné lépe odhadnout tvar difrakce ktera
je silné ovlivnéna urovni Sumu. Program MOSFLM (Leslie, A.G.; 1999) napriklad rozdéli
plochu detektoru na nékolik c¢ésti, oddéIné provede profilovou analyzu a idealni profily
pouziva k fitovani jednotlivych difrakei 1 s odectem pozadi. Velice obdobné postupuje
program DENZO (Z. Otwinowski and W. Minor; 1997), ktery ziskava idedalni profil
v kruhové oblasti definované zadanym radiem. Nejsofistokovanéji postupuje program XDS
(Kabsch, W. 2001), ktery provadi profilovou analyzu ve tfech rozmérech, tedy nejen plosné
vzhledem k posizi x, y na detektoru, ale 1 na postupnych snimcich, tedy i v rota¢nim thlu .

Dalsim tkolem na cesté k ziskani souborti intenzit a jejich o je skalovani. V prubéhu
Skalovani se snazime korigovat pfipadné fluktuace intenzity zafeni, vliv tvaru krystalu
amnoho dalSich vlivi, které¢ mohli rizné ovlivnit méfeni jednotlivych snimku. dale spojit
intenzity difrakci zmérenych na nékolika snimcich a zpramérovat intenzity difrakci které
byly zméfeny nékolikrat, napriklad diky symetrii krystalu. Postupy se opét mirné rizni
v zavislosti na pouzitém software a pouzitych korek¢nich parametrech, ale zakladem byva

minimalizace funkce:

= Zh Z,Wm (_]I;f —gu'd, )2 (17)

kde I je [-té pozorovani reflexe h. gy je asociovany inverzni Skalovy parametr, wy,; = 1/a°(1,)
a <I;,> je vazeny prumér intenzity vSech / mefeni reflexe & (Hamilton et al., 1965; Fox &

Holmes, 1966). Intenzitu reflexe a odhad chyby pak ziskame podle vztahu:




z Wy &nly
T
].l’r i X 1_1
> W 8
7

(18)

|

O‘( 15 )= =
I z Wi &

!

(19)

Kvalitu seskalovanych dat pak muzeme hodnotit pomoci ruznych statistickych ukazatelt.
BéZné uzivany parametr Rperee (N€kdy t€Z Ryym) neni zrovna nejlepsim méfitkem kvality dat.
jelikoz pouze méfi rozdily mezi mérenimi a nebere v uvahu zlepseni kvality primérovanim
mnoha meéfeni, Rperoe fakior ma Samoziejmé tendenci vzrustat s rostoucim poctem
prumérovanych méfeni. VylepSeny, nasobnosti meéfeni vazené R faktory byly navrzeny
Diederichsem a Karplusem (1997), Weissem a Hilgenfeldem (1997) a Weissem (2001).

Pokud #;, je pocet méfeni jednotlivych reflexi h, pak
er-r;:a' = Rm‘n » ZZ 1!1." i 1.!: ZZ 1!’? (20)
h ! e

je tradicni Ryperge.

Rmc'a\ = Rrrnr. = Z (nnh—ljzz Iirf = Ih ZZ 1#: (21)
h h L HEy

je R faktor nezavisly na nasobnosti méfeni (multiplicity-independent R factor) a

1
erum :z [n l}zzf.}h’_ lh ZZ !h (22)
h h h |

h
je presnost indikujici R faktor (R faktor).

Tyto faktory a predevSim statistika I/o; v zavislosti na rozliSeni nam pomahaji
rozhodnout jaky skalovaci protokol, nebo jinak feceno které korekce pouzit. A také nam
pomahaji pii rozhodovani do jakého rozliSeni jsou naméfena data pouzitelna. Vétsina
krystalografti pouziva jako kriterium pouzitelnosti dat hodnotu I/6; >= 2. Vysledkem snazeni
je tedy soubor Intenzit difrakci a jejich o). Tyto pak lze prepocist na strukturni faktory a

JL‘.J](.h OSF




5. Fazovy problém

Elektronovou hustotu v obecném bodé elementarni bunky lze vypocitat dle vyse
uveden¢ho vztahu (14). Ve vyrazu se vyskytuje strukturni faktor Fg )y jakozto komplexni
¢islo, jehoz absolutni hodnota vyjadfuje amplitudu rozptylené viny a faze vyjadiuje fazovy
posun vzhledem k viné rozptylené ve sméru shodném s dopadajicim zafenim. Vzhledem
k tomu, ze vSechny difrakéni experimenty pruméruji v case, nelze fazovou informaci ziskat
piimo z difrak¢nich dat. Z nich ziskavame toliko absolutni hodnotu strukturniho faktoru
|[F(h.k.])[, ktera je imérna odmocniné z intenzity difrakce I(h.k.l). Proto se v nasledujicim
textu budeme zabyvat zpusoby urceni fazi strukturnich faktort, tak abychom mohli vypocitat

elektronovou hustotu podle vztahu:

o0

—2m(hx+ky+iz—ay, 4 gy )
oyye 3 F g 23),

el (hk,)
kde «,,,, je faze strukturniho faktoru F k.

V principu existuji tii zakladni zptusoby jak ziskat informace o fazich. V prvni skupiné
jsou metody zalozené na porovnavani Pattersonovy funkce pro naSe namérfena data a pro
podobny. homologni protein s jiz vyfeSenou strukturou.

Druhou skupinu tvofi metody, které se nékdy oznacuji jako experimentalni. Je to metoda
vyuzivajici anomalniho rozptylu a metoda izomorfni zamény.

Do treti skupiny patii tzv. piimé metody stanoveni fazi zalozené, na statistickych
metodach. Tyto metody maji omezené pouziti v proteinové Krystalografii vzhledem
k velkému objemu dat a jejich nizkému rozliSeni. Jsou vsak s ispéchem pouzivany pro reseni
substruktur, coz je nezbytny postupny krok druhé skupiny.

Vzhledem k zaméfeni prace se omezime na kratky nastin fungovani prvni skupiny
metod, jelikoz tyto byly pouzity v dalsi Casti prace. Pro tyto metody se vzil nazev
..molekulové nahrazeni* (Molecular replacement) a to proto, ze pomoci znamého modelu
struktury podobné molekuly hledame vhodnou polohu a vhodné umisténi pro nami
studovanou molekulu v elementarni bunce krystalu, ktery jsme méfili.

Jak jiz bylo zminéno, metoda molekulového nahrazeni je zaloZena na vyuziti
Pattersonovy funkce P(u.v,w)=P(u). Ta je definovana nasledujicim vztahem (viz.

Patterson, 1934):

@ 0

Py = :{ Z F(H) e ® = : Z FAY’ cos(2H 1)

H=-o H=—uw

(24)




Je tedy zjevné, ze Pattersonovu funkci lze ziskat bez znalosti fazi, jelikoz se jedna pouze o
Furierovu sumaci s koeficienty |Fx0)” namisto Faiy = |Faylexp[2niog i ). Periodicita a
elementarni bunka je stejna jak pro elektronovou hustotu tak pro Patersonovu funkci.

Pattersonova mapa tedy muze byt ziskana pfimo po tom co byly intenzity reflexi
zmefeny a korigovany. Zbyva jen zodpovédét jakou informaci nam vlastné Pattersonova
funkce prinasi. Toto 1ze velice snadno nahlédnout z alternativniho zapisu pro Pattersonovu
funkcei:

P(i1) = jp(f).p(r +aydV, (25)

Funkce ma tedy maxima v polohach vektoru #, ktery se rovna nékterému
meziatomovému vektoru. Pattersonova funkce je tak funkci vSech meziatomovych vektoru.
Jak jiz bylo uvedeno je to prostorova funkce definovana na stejné elementarni bunce jako
méfeny Kkrystal a hodnoty maxim jsou umérné soucinu elektronovych hustot v polohach 7 a
r+iu.

Metoda molekulového nahrazeni je zaloZzena na porovnavani Pattersonovy funkce
vypoctené z namerenych dat podle rovnice (24) a pro model molekuly podobného

(homologniho) proteinu ve zvolené orientaci a pozici spoctené podle identické rovnice, pro
kterou jsme si piipravili koeficienty F(H )2 vypo¢tem podle rovnice (13 respektive 16).
Prakticky tedy hledame maximum funkce:

RT(at. B.y.r.s5.1) = j}f,(mx P (i1)di (26)
kde a.f.y jsou tii rotatni parametry; r,s.f translacni parametry P, (i) je Pattersonova
funkce vypoctena pro naméfena data a P (i) je Pattersonova funkce vypoctena pro
vyhledavaci model v orientaci a pozici dané parametry «a,f.y.r,s,t. V polatcich této
metody, na konci Sedesatych let minulého stoleti, kdy naro¢nost numerického feSeni narazela
na hranice vypocetniho vykonu soudobych pocitacu byla uloha rozdélena na dvé postupné
¢asti. Zaprvé feSeni rotacni funkce:

Rot(ac. B.y) = [P, (@) P.(a)dt 27)

a nasledné, metodou pokusu a omylu, byla testovana ruzna umisténi jednotlivych feSeni

rotacni funkce.




Pro charakterizaci shody strukturniho modelu s naméfenymi hodnotami intenzit reflexi
se pouziva bud’ korela¢ni koeficient:

(e e ol )

C=—2-E j (28)
sl 17l ) Zal sl |ral)
nebo Castéji pozivany parametr shody modelu a difrakénich dat tzv. R-faktor (R z anglick€ho
reliability), definovany vztahem:
2 Fg =K F
R=-2 R-faktor, (29)

il
H

kde | F; | je naméfena velikost strukturniho faktoru, | £7; |

je hodnota vypoctena, prisluSejici

danému 3-rozmérnému modelu struktury a K je Skalovaci faktor.
2IF; |

H

LA

H

Sc¢ita se pres vsechny naméfené reflexe.

K = (30)

Konkrétni programy pro feSeni problému fazi metodou molekulového nahrazeni
v klasickém dvoukrokovém usporadani jsou napiiklad MolRep (Vagin and Teplyakov, 1997)
a AmoRe (Navaza 1994), soucasti setu krystalografickych programu CCP4 (Collaborative
Computational Project, number 4.) Vzhledem k narGstu vypocetniho vykonu pocitacu
v nedavné dobé a stale vétSimu tlaku na robustni vypocetni metody pro stale vétsi pocet
feSenych struktur biologicky aktivnich makromolekul jsou v soucasnosti ve stale veétsi mire
vyuzivany metody molekulového nahrazeni, které Sesti-dimenzionalni prostor umisténi
molekul v elementarni bunce prohledavaji jednokrokové. Vyhodou téchto metod je vétsi
citlivost pro nalezeni spravného reSeni, jelikoz se netfisti signal na prispévek rotaéni a
translacni. Pfikladem jsou programy EPMR (Kissinger 1999). ktery vyuziva evoluéni
mechanismus k redukci vypocetniho ¢asu a BRUTE (Fujinaga & Read 1987), ktery opravdu

systematicky prohledava N-rozmérny prostor se zvolenym krokem.




6. Budovani modelu

Vuvodu této kapitoly je na misté zopakovat zdkladni princip monokrystalové
rentgenova strukturni analyzy. Rtg zareni difraktuje (je rozptylovano) na elektronech atoma
molekul vytvarejicich krystal. Elektrony se vyskytuji v blizkosti atomovych jader a také
v oblastech kovalentnich vazeb. Proto je difrakéni experiment nejlépe vyjadien rovnici (12),
tedy slovem vyjadfeno: k difrakci prispivaji ta mista v elementarni burice, kde je elektronova
hustota nenulova. Jakmile se nam podafi vyfeSit problém fazi, mizeme Fourierovou
transformaci podle rovnice (23) tuto elektronovou hustotu zrekonstruovat a napiiklad zobrazit
jako sitové konturovanou plochu o dané Grovni elektronové hustoty, viz obrazek 7a a 7b.
Toto je jedno z moznych znazornéni elektronové struktury, tak jak se jevi rtg zafeni, které na

krystalu difraktuje. Avsak z hlediska chemické struktury, nebo lépe feceno, prostorového

Obrazek 7a. Obrazek 7b.
Vyiez z mapy elektronové hustoty komplexu HIV-1 proteasy s inhibitorem. Na obrazku 3a.
mapa elektronové hustoty konturovana na drovni lo, zde cca 0.8 elektronu na A®. Na
obrazku 5b. mapa elektronové hustoty konturovana na Grovni 16 ( modra izoplocha cca 0.8
elektronu na A’) a 3¢ (fialova izoplocha cca 2.4 elektronu na A’). Koeficienty pro vypodet
map byly vypoéteny programem Refmac5 (Murshudov, G. N. et al 1997), mapy byly
vykresleny pomoci programu XtalView (McRee, D. E. 1999).

usporadani molekuly neposkytuje informaci téméf Zadnou. Proto je jednou z hlavnich uloh
proteinové krystalografie vySe znazornéné mapy interpretovat pomoci modelu struktury
odpovidajiciho proteinu. Pfesnéji feceno, je tieba vysvétlit mapu elektronové hustoty na
zékladé chemickych znalosti, stereochemie, primarni struktury (aminokyselinové sekvence) a
struktury vazanych ligandG. V laboratornim slangu: “nafitovat strukturu do mapy

elektronovych hustot*. Cast modelu molekuly proteinu umisténa v mapé elektronové hustoty




je znazornéna na obrazku 8, jde o identickou mapu jako u obrazku 7a.

Obrazek 8. Vyiez modelu HIV-1 proteasy
s inhibitorem v mapé elektronové hustoty.
Model molekuly HIV-1 proteasy je znazornén
jako tycovy model, bodové atomy jsou
pospojovany ve sméru kovalentnich vazeb
tyckami, které nesou zbarveni podle druhu
atomu ze kterého vychazeji (zluta uhlik, modra
dusik a cervena kyslik). Mapa elektronové
hustoty konturovana na urovni lo, zde cca 0.8
elektronu na A°.

Pokud jsme faze ziskali experimentalné (viz. kapitola Fazovy problém) je nutno opravdu
hodné prace pro vybudovani modelu od zakladu (vzhledem k omezenému rozsahu prace a
také proto, Ze tento postup nebyl vyuzit v zadné dale zmifiované praci, nebude tento zpisob
stavby modelu popisovan). V pripadé, ze faze byly ziskany metodou molekulového nahrazeni,
ziskali jsme nejen pocatecni odhady fazi, ale téZ model podobné proteinové molekuly,
konkrétné soufadnice vSech atomi molekuly, kterd byla pouzita k feSeni a mame tak jiz
zaklad modelu, ktery je nutno jen v nékterych mistech prebudovat a upravit tak, aby chemicky
odpovidal nasemu studovanému proteinu. Casto se stava, napiiklad pokud studujeme jeden
protein s riznymi ligandy, Ze nékolik krystalovych struktur mize byt izomorfnich (t.j. jejich
strukturni usporadani v krystalu je identick€é az na vyjimku ligandu, relativné mala molekula),
v takovém piipadé je mozné piimo pouzit model izomorfni struktury a jen mirné zrelaxovat
jeho polohu v ramci elementéarni buriky (rigid body refinement, bude zminén v dalsi kapitole).

Pfes svou zdanlivou vyhodu maé tento postup sva negativa. Hlavnim problémem je
piedpojatost fazi a tedy i map elektronovych hustot a vychoziho modelu. Hlavni davod
predpojatosti je dominance fazi pfi vypoc¢tu mapy elektronovych hustot ( 1ze velice nazorné
dokumentovat na rozdilu realné Casti strukturniho faktoru pfi chybé amplitudy 25% oproti
chybé faze 25%). Plati tedy, ze pii pouziti fazi ziskanych metodou molekulového nahrazeni
musime vzdy pocitat s predpojatosti a ve vyhleddavacim modelu pokud mozno pozivat jen tu
¢ast molekuly, ktera je pro obé molekuly shodna. Na tomto misté je téZ vhodné zminit rizné
typy map, které se pfi budovini a piestavbé modelu pouziva. Az dosud jsme hovoiili 0 mapé

elektronové hustoty po¢itané podle vztahu (23), takzvanou F, mapu, kdy se pro vypocet




pouziva absolutni hodnota experimentalné ziskaného strukturniho faktoru (F,- observed) a
jakkoli ziskana faze. Ve chvili kdy je k dispozici model a faze 1ze pozivat kombinované
koeficienty, napfiklad 2Fo-Fc, kdy se rovnice (23) ,,upravi* nasledujicim zptisobem:
p(x,3,2) = Z[%E;,k.!} = ‘F:f‘;,kJ}E}_J_}m”"‘k-“”r:‘ﬂ”.;;,} (31)
h.k |=—x

kde F, je opét absolutni hodnota experimentalné ziskaného strukturniho faktoru a F; absolutni
hodnota vypocteného strukturniho faktoru. Smyslem této mapy je, nepresné fecCeno,
zdvojnasobit prispévek strukturni informace obsazeny v amplitudé méfeného strukturniho
faktoru a naopak odecteni strukturni informace dodané modelem prostrednictvim strukturniho
faktoru F. vypocteného na zakladé modelu, takto vznikla mapa je méné predpojata, jinak
feceno meéné ovlivnéna modelem.

Dal$im velice dulezitym druhem mapy je diferen¢ni Fourierova mapa, nebo téz FF.

mapa. Ta je pocitana podle velice podobného vztahu jako vySe zminéna mapa, jen v hranaté
’ ’ ’ o | | c . T . " ¥ - r e
zavorce mame vyraz F, - F; . Diferenc¢ni Fourierova mapa ma zasadni vyznam pfi

vystavbé a prebudovavani modelu. Jeji kladna maxima ukazuji mista, kde v modelu jesté néco

chybi a naopak mista se zapornou hodnotou ukazuji oblasti, kde v modelu néco prebyva.
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7. Upresiiovani modelu.

Proces upiesnovani modelu makromolekularni struktury muze byt definovan jako
postupné dolad'ovani parametru modelu, konkrétné souboru soufadnic x;, y;, z, teplotniho
faktoru B; a n¢kdy téz okupacniho faktoru o; kazdého i-tého atomu modelu tak, aby bylo
dosazeno maximalni mozné shody s experimentalnimi daty. Vyznam kartézskych soufadnic
atomu X;. yi, z; J¢ zjevny. Okupacni faktor popisuje s jakou Cetnosti se na pozici X;, yj, z; atom
vyskytuje a u stabilnich struktur bez dynamickych zmén v polohach atomu by mél byt roven
1. Vyznam okupac¢niho faktoru lze dobre vysvétlit na prikladu atomu, ktery je kovalentné
vazan, je vSak na konci fetézce, neinteraguje vyznamné s okolim, ma volnou torzi a tak muze
piekmitavat mezi neékolika energetickymi minimy a kazda z téchto poloh je pak obsazena
atomem s okupacnim faktorem menSim néz jedna, v souctu by pak okupacni faktory jednoho
atomu mely byt rovny jedné.

Krystalografie biologickych makromolekul neni fundamentalné odlisna od
krystalografie nizkomolekularnich sloucenin, ale rozhodné je slozitéjsi kvuli velikosti
molekularntho systému. Pokud je struktura tvofena nékolika atomy, upfesnéni lze provést
iterativnim vypoc¢tem a do modelu neni vétSinou nutné manualné zasahovat (pfimo pridavat
nebo odebirat konkrétni atomy, piipadné ménit jejich polohu editaci soufadnic). Typicka
makromolekula je vSak tvofena nékolika tisici atomy a krystalizuje v elementarnich bunkach
o objemu milionti kubickych angstromu. Komplexnost této tlohy vyzaduje kombinovani
iterativnich upfesfiovacich (rafina¢nich) metod vyuzivajicich matematickych principi a
manualnich zdsahu fesitele pfi budovani, respektive pfebudovavani, modelu ve 3D prostoru.
Tento cyklus je znazornén na obrazku 7. Vychozi pozici v procesu upiesiiovani je model, tak
jak byl vybudovan do inicidlni mapy elektronové hustoty, jak jiz bylo zminéno v predeslé
kapitole.

Nastrojem pro sledovani UspéSnosti tohoto procesu je jiz dfive uvedeny R-faktor (viz.
rovnice 24). Pro upfeshovani strukturniho modelu se pouzivda téz vazeny R,-faktor

(Hamilton, 1964):

Z“""I(h,k,a'}(F;;:,H: —KF i n )
R = ki . R, -vazeny R-faktor (32)

W

: o
Z Wiy Eine sy
Ik

kde w,,, je vaha pfislusné reflexe (vétSinou je umérnd o (i ). Dalim nastrojem

vyuzivanym pfi upfesiovani je daldi faktor spravnosti Rj.. (Briinger 1992). Tento faktor se




opét pocita naprosto identicky jako R-faktor jen s tim rozdilem, ze je vypocten na souboru

strukturnich faktoru (SF), které se

3D pifimy prostor ,' Pievraceny prostor

{ '. Ptebudovany 3D model |
Ptebudovany Korekce na solvent + |

3D model VIPOTETROToh P oy vypodtend
vodikovych atomi hodnoty F
i C

| Piebudovani Upfesnovani
3D modelu : v pievraceném
v mapach el. h. ; prostoru

Uptesnény 3D model

T Vypocet r:nap el. h. L
nové vypoctené vyhodapcem Uptesneny 3D model
mapy el. hustoty upiesnéného

modelu:

Obrazek 7: Blokové schéma procesu upresnovani modelu makromolekuly. Popisy
v rameccich oznacuji stavy modelu v pribéhu procesu a Sipky oznacuji jednotlivé kroky
rafinacniho cyklu.

zvoli nahodnym vybérem a tyto SF’ se nepozivaji k upresniovani. Smysl ob&tovani Casti dat je
v tom, Ze muzeme kontrolovat pribéh celého procesu srovnanim F, s F, které nebyly nuceny
konvergovat pomoci matematického aparitu. Pokud pribeh faktoru R a Rj.. nekoreluje, je
ziejmé, ze jsme se dopustili néjaké zasadni chyby. Vzhledem k tomu, Ze je tento faktor
vypoéten na omezeném vybéru dat (doporucuje se cca 5% ze souboru strukturnich faktora,
pokud mozno alesponn 1000 SF) je nutné pocitat s vétsim kolisanim faktoru Rj.. a je proto

lépe sledovat korelaci R a Rj.., nez konkrétni hodnoty.

7.1. Upresnovaci funkce

Pokud tedy chceme zlepsit shodu naméfenych a vypoctenych SF' zménou parametrii

modelu je potieba mit nejprve nastroj miry shody. Klasicky u malych molekul a i u velkych




molekularnich systému [ze pouzit soucet rozdila, nejcastéji sumu druhych mocnim rozdilu,
tedy :
.
L) = T ¥ass s = Fanen®) (33)
1k,

kde L> je minimalizovana funkce a x je vektor parametru modelu. Metoda nejmensich ¢tvercu
velice dobre funguje u malych molekul, kde je jiz startovni model velice blizko kone¢nému
reSeni. AvSak v proteinové krystalografii, kdy startovni model byva ¢aste¢né chybny a skoro
vzdy neuplny, nelze tuto metodu pouzit v pocatecni fazi, ale 1ze se k ni navratit na samém
konci upfesnovani modelu.

Jedinou piimo méfitelnou hodnotou v krystalografii je intenzita difrakci. Furierova
transformace modelu nam poskytne komplexni strukturni faktor. Kdyz se vsak podivame na
rovnici (33) je jasné, ze zde je informace o fazi ztracena. Toto je zdrojem nékterych problému
pfi poziti upfesnovaci metody nejmensSich ¢tvercu, kvili nepfesnému vychozimu modelu.
Mnoho problému metody nejmensich ¢tverci muize byt odstranéno zménou této funkce na
~maximum likelihood” (maximalni pravdépodobnost, dale jen ML). Tato metoda
vyhodnocuje, jak pravdépodobné jsou namefené hodnoty a pouzité hodnoty fazi pro dany
model, presnéji feCeno: pokud mame tento model jak je pravdépodobné, Ze naméfime dana
data a hodnoty fazi budou také co nejpodobnéjsi. Model je tedy ménén tak, aby
pravdépodobnost danych meéfeni byla co nejvétsi. ML upfesnovaci metoda je také vhodna
proto, ze neni tolik predeterminovana pripadnymi neptesnostmi a chybéjicimi ¢astmi modelu.
Metoda je také velice vhodna pro kombinovani informaci o fazich znékolika zdroju,
napiiklad pokud byl fazovy problém vyfesen molekulovym nahrazenim a navic mame odhad
fazi, treba 1 s niz8im rozliSenim z experimentu, lze tyto fazové informace zahrnout ve vypoctu
pravdépodobnosti.

Takze pokud pravdépodobnost P,(F°:F%) je podminéné pravdépodobnostni rozdéleni
strukturniho faktoru F°; dané strukturnim faktorem modelu F¢,, pak pravdépodobnost modelu

=
L= TR k) (34)

Coz je vétsinou transformovano do lépe uchopitelné formy:

L=%logP(FF ). (35)



Jak jiz bylo uvedeno vySe, pro proces upfesiovani je tieba si vybrat jednak optimaliza¢ni
funkci (nejmensi ¢tverce, ML nebo jinou) a numerickou metodu optimalizace. Dalsim krokem

v upfesnovani je volba parametru, kterymi budeme model popisovat.

Zavaznym problémem v pouziti optimalizacnich metod je pomér upresnovanych
parametru ku poctu experimentalné ziskanych strukturnich faktort. V tabulce 1 je dobre vidét,
ze Jiz  pii rozliseni o néco horSim nez 2.5A se muzem s modelem se Ctyfmi parametry pro
atom dostat do situace. kdy mame vice stupiii volnosti nez dat. Problém nedostatku dat se
v proteinové krystalografii feSi vétSinou pridanim strukturnich dat a pripadné snizenim

poctu proménnych.

Rozliseni Pocet Pomeér Pomeér

mereni meéfeni a parameteru méfeni a parameteru
(Xs.V-Z) (xf‘y1z'= B)

3.0A 3500 0.8 -

2.5A 6800 1.6 1.2

1.9A 13500 3.1 2.3

1.5A 29800 6.8 5.1

1.2A 58800 ]33 10.0

1.0A 81300 18.5 13.8

Tabulka 1. Piklad zavislosti poctu reflexi na rozliseni .

Jednou moznosti jsou optimaliza¢ni metody s pevnymi vazebnymi podminkami (constrained)
nebo lze uméle zvysit pocet pozorovani. Pro optimalizacni metodu s pevnymi vazebnymi
podminkami se téz pouziva nazev .rigid-body refinement™ (upfesnovani pomoci tuhého
télesa). Klasickym prikladem je postup na zaCatku upfesnovani, kdy napiiklad slozitéjsi
strukturu s n€kolika doménami rozdélime na tyto podjednotky a pro tyto upfesiiujeme tfi
translatni a tfi rota¢ni parametry a tak zredukujeme pocet proménnych na 6 x pocet
podjednotek. Tato metoda je moznou volbou v mnoha upiesnovacich programech jako
napiiklad X-PLOR, CNS a Refmac. VySe uvedena moznost pfidani dalSich ,,chemickych dat™
do systému (nebo téZ mckké vazebné podminky tzv. .restrained” optimaliza¢éni metody),
vyuziva znalosti vazebnych vzdalenosti a dalSich parametrii ze struktur malych fragmentt
proteini (malé peptidy, samostatné aminokysleiny a pod.). Napiiklad spravné vazebné
vzdalenosti pro identické typy atomi ve vazbé mizeme pridat jako pozorovani (podobné jako
zméfené strukturni faktory) s prumérnou hodnotou délky vazby a jeji varianci. Dalsi kritéria

spravné molekulové geometrie mohou byt pridana do modelu podobnym zptisobem.



Napiiklad zakonzervovani spravné vazebné délky je dosazeno piidanim ¢lenu

Z IO": (dr; IE d:;] )2 (36}

vaz i
atamy

kde d, je vazebna vzdalenost atomu i aj, d, je idealni vazebna vzdalenost a I je vaha

o
aplikovana na vazbu (souvisi s varianci délky vazby ze znamych struktur na vysokém

’

rozlisent).

7.2. Optimaliza¢ni metody

Optimalizacni metody pro nizkomolekularni slouc¢eniny jsou velice pfimocaré, avsak
struktury makromolekul jsou specielnim problémem, kvuli jejich velikosti. Velky pocet
parametri modelu extrémné zvySuje prostor parametru, ktery musi byt prohledavan, aby bylo
nalezeno vyhovujici feSeni a také vysoce zvySuje naroky na objemy paméti nutné pro
optimalizac¢ni procesy. Tato kombinace velkého poctu parametrt a také velkého po¢tu méfenti
znamenaji, ze kazdy cyklus optimalizacniho procesu je vypocetné narocny.

Optimaliza¢ni metody mohou byt tiidény podle fadu derivace pouzité v algoritmu.
Metody, které nepouzivaji derivace a prohledavaji vlastné¢ nahodné prostor parametri k
nalezeni feSeni, jsou napiiklad: Monte Carlo metody a nékteré formy simulovaného Zzihani.
Metody prvniho tadu, jenz pocitaji gradienty a tak zname smér zmény parametru, abychom se
pfiblizili zadané hodnoté zvolené optimalizacni funkce. Metody druhého fadu pocitaji
gradienty a zakfiveni, tak zname nejen smér ale i vhodné velikosti zmény parametra tak jak
postupujeme v prubéhu upresnovani. Metody nultého fadu jsou vSeobecné velice pomalé,
jelikoz multidimensionalni prostor parametri, ktery je prohledavan, je extrémné velky.
Metody prvniho fadu mohou byt rychlé¢ a kompaktni, ale nemohou rozlisit, zda nalezené
feseni je lokalni minimum nebo hledané spravné feseni. Metody druhého fadu mohou
odstranit problém uviznuti v lokalnim minimu v prabéhu upfesnovani. avsak vypocetni
narocnost roste se tfeti mocninou poctu parametri a naroky na opera¢ni pamét jsou také
mnohem vyssi. Az dosud jsou nejaspésnéji pouzivany upresinovaci metody prvniho fadu. Toto
se zvolna méni s rostouci dimenzaci opera¢nich paméti a rychlosti procesort (viz. napriklad

program SHELXH, soucast baliku programu SHELX97).



7.3. Reseni uptesnovacich (rafinacnich ) rovnic.

Velice dobrym uvodem do problematiky feSeni rafinacnich rovnic je publikace:
Mathematical techniques in crystallography and materials science (Prince, 1994).
NejbéznéjSim zpusobem jak fesit vypocet parametru, které minimalizuji rovnici 33, je postup,
kdy kazdy clen sumace z rovnice 33 piepiSeme jako samostatnou rovnici:

W, [}’, ‘.f;(f)]= u-’,Z(agif)J (.vriJ =7 (37)

j=1

kdy sumace probiha v indexu j vSech N parametri modelu, y; je naméfeny strukturni faktor,
fi(x) vypocteny SF a wj je vaha dan¢ho SF. Toto je jednoduchy rozvoj prvniho fadu funkce
fi(x) a vyjadiuje hypotézu. Ze vypoc¢tena hodnota ma byt shodna s naméfenou. Systém rovnic
miZe byt feSen pro posun parametri (x| —x,) za predpokladu, ze mame nejméné tolik
rovnic pro shodu SF jako parametra (lze zapocist i geometrické podminky, viz. napriklad

vztah 36 pro délku vazby, ktery jsme pridali jako jedenu rovnici v soustavé rovnic 37).
V maticovém zapisu lze systém rovnic prepsat nasledujicim zpusobem:

AA=F (38)
kde A je M x N matice derivaci, A je vektor zmény parametru a 7 vektor rezidui, viz. leva
strana rovnice 37. Soustavu normalnich rovnic lze vytvorit vynasobenim rovnice 31 matici
A’. Vysledkem je systém se ¢tvercovou matici N x N a vysledky v piipadé metody

nejmensich ¢tvercu, viz. nize:

A"AA=A"F nebo MA =5, (39)
M AL (= i

m” = Z W, { ka (X) J[ afi {x) J 5
- ox, ox,
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Obdobné Ize rozsitit rozvoj rovnice 33 o dalsi ¢len Taylorova rozvoje v okoli x":
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Tato aproximace druhého fadu predpoklada, ze matice druhych derivaci se neméni a lze ji
pocitat v X namisto v %" . Je namisté poznamenat, Ze vyse uvedené feSeni soustavy rovnic se
pouziva bézné pro rafinaci struktur malych molekul a vyjime¢né pro makromolekularni
struktury, pokud je k dispozici dostatek experimentalnich dat (struktury na vysokém rozliseni

pii pouziti programu SHELXH, Sheldrick, G. M 1997).

7.4. Optimaliza¢ni programy

Jak jiz bylo vy3e uvedeno, nejéastéji jsou vyuzivany metody prvniho fadu.
Nejbéznéjsim piistupem je fesit upresnovani struktury jako nelinearni optimaliza¢ni ulohu od
samé¢ho zacatku. Tuto strategii pouzivaji naptiklad programy TNT (Tronrund D.E., 1992) a
program X-PLOR (Brunger, Kurijan & Karplus,1987). odliSnym zptsobem.

TNT pouziva metodu podminéného konjugovaného gradientu, kde podminovaci funkce
je parcialni druha derivace upfesnovaci funkce podle daného parametru. Jinymi slovy, krok
v daném parametru je normalizovan podle zakfiveni upfesnovaci funkce podle daného
parametru a provede se krok v daném parametru podle konjugované¢ho gradientu. To zpusobi,
ze krok parametru, ktery ma strmé derivace je zmenSen a u mekych parametru (jako jsou
napiiklad teplotni B faktory) je krok zvétsen. To jednak zrychluje vypocet a také zvétSuje
radius konvergence metody.

Program X-PLOR (nyni CNS) pouziva simulované zihani, které pomoci metody
molekulové dynamiky (v pokrocilych verzich CNS torzni dynamiky). Simulované zihani je
metoda, kterda mapuje chovani upfesnovaci funkce v konformaé¢né dosazitelném prostoru
parametru (kartézskych soutadnic jednotlivych atomu) v blizkosti puvodnich pozic atomd.
Tak muze nalézt vhodné umisténi ¢asti makromolekuly a prekonat past lokalniho minima
funkce. K tomu navic vyziva Boltzmanovské pravdépodobnosti exp(-4E/kT) pro ruzné polohy
a tak rozhoduje o vhodnosti vybéru novych parametri. V nové poloze program snizi teplotni
parametr, tak aby funkce jen neoscilovala, ale pokud mozno konvergovala do globalniho
maxima. Program X-PLOR vyuziva difrak¢ni data tak, ze je vlastné uvazuje jako dalsi ¢len
v sumaci energii (optimalizatni metody molekulové mechaniky/dynamiky sumuji jednotlivé
energetické prispévky dané konformaci molekuly a vzajemnymi interakcemi atomi v ramci
molekuly tak aby popsaly jeji pravdépodobné chovani ) a gradient celkové energie je pouzit
jakozto gradient upfesnovaci funkce, coz vlastné radi tento postup k metodam prvého fadu.

Prvni Siroce pouzivanou metodou v makromolekularnin uptesnovani byl rafina¢ni
program PROLSQ (Konnert, 1976). ktery pouzival k feSeni aproximaci druhého fadu, kde

matice derivaci byla velice zjednoduSena. Parametry kazdého atomu byly feSeny jako



diagonalni blok matice a mimodiagonalni prvky byly pouzity jen tam, kde jsou atomy vazany
kovalentni vazbou nebo jinak zjevné interaguji. Tento ¢asteCny systém linearnich rovnic je
pak fesen adaptaci metody konjugovaného gardientu.

Nejkomplexnéjsi rafinacni program pro feSeni makromolekularnich struktur je ten samy,
jako nejpouzivanéjsi program pro feSeni pro struktur malych molekul — SHELX97 (Sheldrick,
G. M 1997). Primarni adaptaci pro feSeni makromolekularnich struktur bylo pfidani
konjugovaného gradientu, jakozto optimalizacni metody pro ptipady. kdy plna matice metody
nejmensich Ctvercu pfesahuje moznosti paméti pro pocet parametri makromolekularniho
modelu. S vyhodou je tento program pouzivan pro struktury na vysokém rozliSeni ve
finalnich stadiich upfesnovani. V zavére¢nych cyklech upfesnovani lze pouzit metody
nejmensich ¢tvercu a tak ziskat velice dobré odhady o jednotlivych parametrt. Pokud nam
nestaCi dimenzace poli na nas pocet parametrt, lze rozdélit parametry do bloku, jejichz

slozeni obménujeme pro jednotlivé cykly.
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A Phenylnorstatine Inhibitor Binding to HIV-1 Protease: Geometry,
Protonation, and Subsite—Pocket Interactions Analyzed at Atomic Resolution
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The X-ray structure of a complex of HIV-1 protease (PR) with a phenylnorstatine inhibitor
Z-Pns-Phe-Glu-Glu-NH; has been determined at 1.03 A, the highest resolution so far reported
for any HIV PR complex. The inhibitor shows subnanomolar K; values for both the wild-type
PR and the variant representing one of the most common mutations linked to resistance
development. The structure comprising the phenylnorstatine moiety of (2R,3.5)-chirality displays
a unique pattern of hydrogen bonding to the two catalytic aspartate residues. This high
resolution makes it possible to assess the donor and acceptor relations of this hydrogen bonding
and to indicate a proton shared by the two catalytic residues. A structural mechanism for the
unimpaired inhibition of the protease Val82Ala mutant is also suggested, based on energy

calculations and analyses.

Introduction

A structure-aided design of HIV protease (PR) inhibi
tors has led to a class of drugs useful in clinical anti-
HIV intervention (see ref 1 for review). Nevertheless,
mutational development of HIV PR drug resistance
presents a major medical complication. Thus, the present
state of anti-AIDS therapies calls for the design of novel
compounds that would overcome the problem of HIV PR
resistance to current drugs. Inhibitors with unconven-
tional binding modes (or those interacting with HIV PR
domains other than the active site, e.g., the dimerization
domain?) might open a way to a new generation of anti-
HIV PR compounds capable of inhibiting drug-resistant
enzyme species (e.g., refs 3—6).

Recently, a combinatorial chemistry approach’ yielded
a series of novel pluripotent HIV PR inhibitors having
a picomolar range for their K; values for the wild-type
HIV PR as well as various degrees of insensitivity of
their inhibitory potency to HIV PR variants with
mutations in positions 48, 82, 84, and 90, often found
in drug-resistant PR strains.® Detailed kinetic analysis
of three chosen inhibitors has even shown somewhat
better inhibition of a drug-resistant HIV PR mutant
compared with the wild-type enzyme. In the present
paper, the structure of wild-type HIV PR complexed
with one of these inhibitors, Z-Pns-Phe-Glu-Glu-NH; (Z,
benzyloxycarbonyl; Pns, phenylnorstatine, (2R,35)-3
amino-2-hydroxy-4-phenylbutanoic acid, Figure la,
termed hereafter KI2), is described. The phenylnorsta-
tine group, an untypical inhibitor moiety, served the
purpose of investigating the potential of replacement
of the peptide bond with larger groups (the “main chain”
between the aromatic groups occupying S1” and Sl
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20183212, Fax: +420 224310955. E-mail: brynda®img.cas.cz.

" Institute of Molecular Genetics.

" Institute of Organic Chemistry and Biochemistry.
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pockets is longer by one carbonyl group compared to
common hydroxyethylene or hydroxyethylamine iso-
steres). This compound inhibits the Val82Ala mutant
of HIV PR with a K value 0.11 nM, while the wild-type
HIV PR inhibition has K; = 0.18 nM.®

Since the combinatorial chemistry approach and
consecutive primary screening against drug-resistant
HIV PR mutants are rather empirical in their nature,
only direct structural studies may elucidate subtleties
of the inhibitory potential of such developed lead
compounds. This paper presents the wild-type HIV PR/
phenylnorstatine inhibitor complex structure solved at
1.03 A, which is the best resolution for HIV PR reported
to date. With an excess of inhibitor, the protein/inhibitor
crystals grew with an extraordinary diffraction quality,
apparently because of the presence of a second inhibitor
molecule bound in the crystal lattice as an outer ligand
at the protein interface (Brynda et al., manuscript in
preparation). Though the compound used for complex
formation and crystal growth was a 2:1 mixture of
(21R119)- and (215,115)-diastereoisomers, both pro-
tease-bound inhibitor molecules had a (21R,115)-con-
figuration.

The present paper is focused on two basic structural
questions. First, what type of binding makes the (2R,35)-
phenylnorstatine group, an untypical inhibitor moiety,
functional? Second, what structural elements contribute
to the unimpaired inhibition of the drugresistant
Val82Ala HIV PR mutant? The first question should
raised because the unusual (2R 3 5)-chirality makes the
present inhibitor structurally dissimilar to the common
(25,39)-phenylnorstatine compounds with their well-
described mode of binding of transition-state isosteres
to the catalytic center.’ Regarding the resistance mech-
anisms in the Val82Ala HIV PR mutant, comparison of
wild-type and mutant complex structures was feasible

© 2004 American Chemical Society
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Figure 1. Binding of the inhibitor in the active site. (a) Chemical structure of the inhibitor KIZ, where numbering of atoms
corresponds to the deposited PDB file (INHO). (b) Positioning of the inhibitor side chains in the subsites of the active site. The
segmentation (bold lines cutting the backbone) was used for energy calculations (see the text). (c) System of hydrogen bonds

between inhibitor and the protease active site.

so far for two compounds of different types: Ritonavir
itself'® and a C; symmetry based diol inhibitor.!!
While our solved structure directly shows, in consid
erable detail, the distinctive pattern of the hydrogen
bonding of the present inhibitor to the enzyme catalytic
aspartic acid residues, the question of resistance-
overcoming mechanisms has been approached using
molecular modeling methods and energy calculations.

Results

Inhibitor Binding Mode. The overall scheme of the
inhibitor binding is shown in Figure 1b. The inhibitor
bound to the active site displays the usual extended
conformation, as directed by the occupation of the
binding pockets. The S1 pocket consisting of residues
Pro A81, Val A82, Ile A84, Gly B27, Cly B49, and lle
B50 contains the aromatic part of the phenylnorstatine
group of the inhibitor (Pns group). The S1° pocket
consisting of Gly A27, Gly A49, Arg B8, Pro B81, Val
B82, and Ile B84 is occupied by the phenylalanine side
chain of the inhibitor. The S2 pocket consisting of Asp
B29, Asp B30, Val B32, Ile B47, and Gly B48 contains
the aromatic part of the terminal benzyloxycarbonyl
group (Z group), while the S2 pocket consisting of Ala
A28, Asp A29, Asp A30, Ile A47, Gly A48, and Ile B50
is occupied by the glutamic acid side chain of the
inhibitor. The poor quality of the omit map found for
the Z group of the inhibitor in the S2 pocket is best
explained by an alternative conformation of the benzyl-
oxy substituent. The S3" pocket consisting of Ile A47,
Gly A48, and Arg B8 contains the terminal glutamic
acid group of the inhibitor.

The hydrogen-bonding interactions between the in-
hibitor and the protein are extensive. The schematic
diagram showing the hydrogen bonds is depicted in
Figure lc. While most of the observed hydrogen bonds
are common to many pseudopeptide HIV PR inhibitors,
the central moiety of the present inhibitor KIZ main-
tains a unique type of hydrogen bonding. The common
hydrogen bonds include interaction of the inhibitor main
chain atoms, i.e., 09 oxygen of the Z group with both N
Ile A50 and N Ile B50 via one water molecule W1; N10
of the Pns group with O Gly B27; the carbonyl oxygen
O Phe 12 with both N Ile A50 and N Ile B50 via water
molecule W1; the nitrogen N Glu 13 to O Gly A27; the
carbonyl oxygen O Glu I3 to N Asp A29; the nitrogen N

Glu 14 to O Gly A48; the carbonyl oxygen O Glu 14 to N
Gly A48; and the terminal amide nitrogen to OD2 Asp
A29 via a water molecule W19. Also, the carboxylates
of both glutamic acid residues of the inhibitor maintain
hydrogen bonding (OE1 Glu I3 to OD2 Asp A30, and
OEZ Glu 14 to NHZ Arg B8) in their respective binding
pockets.

The phenylnorstatine moiety of the inhibitor has two
hydrogen-bonding oxygen atoms, i.e., O22 11 of the
central hydroxyl group and the oxygen atom O 11 of the
adjacent carbonyl group. The oxygen atom of the car
bonyl group (O I1) forms a hydrogen bond with Asp A25,
and the oxygen atom of the hydroxyl group (022 11)
forms a hydrogen bond with Asp B25 (Figure 2).
Furthermore, the nitrogen atom of the phenylalanine
residue next to the backbone carbonyl group of the
inhibitor is remarkably close to the hydrogen-bonding
oxygen of Asp B25; the distance of 3.38 A suggests
additional partial hydrogen bonding. The hydrogen
atom between OD2 of Asp A25 and OI1 is not directly
visible at the actual resolution. Nevertheless, the length
of the CG—0D2 bond in the Asp A25 residue is 1.28 A,
significantly more than the parametrized length'? 1.249-
(19) A indicating protonation of the oxygen atom form-
ing the hydrogen bond with the inhibitor carbonyl group
(cf. refs 13 and 14 for the assessment method). In
contrast, the bond length CG—0D2 in Asp B25 residue
is 1.24 A, which indicates deprotonation; the hydrogen
bonding hydrogen atom comes from the inhibitor 022
hydroxyl group. The CG-0D1 in the Asp A25 and the
Asp B25 residues are 1.24 and 1.25 A, respectively,
indicating that both OD1 oxygen atoms form hydrogen
bonds with a shared hydrogen atom (Figure 2).

The observed intermolecular hydrogen bonding does
not represent the conventional transition state ana-
logues where the hydroxyl group of a nonscissile junc-
tion is positioned between the two catalytic aspartate
carboxyl groups within hydrogen-bonding distance.!
Complex structures have been determined for two
inhibitors that have an (S, 5)-allophenylnorstatine cen-
tral part, where the hydrogen-bonding hydroxyl group
also points between the aspartate carboxyl groups but
is positioned markedly out of their plane.!® The present
structure further differs from these. While each oxygen
atom of the inhibitor central part maintains separate
hydrogen bonding with only one of the carboxyl groups,
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Figure 2. Schematic view of hydrogen bonding of the central part of the inhibitor and the catalytic aspartates. (a) Stereoview
along the symmetry axis of the HIV PR dimer. (b) Stereoview perpendicular to the symmetry axis of the HIV PR dimer. Inhibitor
carbon atoms are color-coded green, and the protein carbon atoms are color-coded yellow. The hydrogen atom shared by the Asp

A25 and Asp B25 residues is shown (white) in the local maximum of the mFo

red)

the C21-022 bond has a unique orientation, roughly
in the plane of the adjacent carbonyl C=0 bond, the
torsion angle O—C—C21-022 being —156° (Figure 2).

['o summarize, the present inhibitor KIZ bound in the
HIV PR active site displays interactions of its main
chain and side chains that are similar to most HIV PR
complexes with peptidomimetic inhibitors except for the
phenylnorstatine moiety of the KI2 inhibitor that dis
plays unusual positioning relative to the catalytic as
partic acid residues with which it maintains a unique
type of hydrogen bonding.

Structural Basis for Unimpaired Inhibition of
Val82Ala Mutant. Background information shows that
amino acid substitutions in position 82 of HIV PR are
frequently associated with drug resistance.!® Specifically
for the Val82Ala mutation, the structural change from
the wild-type side chain corresponds to the net loss of
two methyl groups from each valine 82 residue, A and
B, thus leaving more room in the S1” and S1 binding
pockets for ligand binding. Decreased van der Waals
interactions in these pockets can then be considered as
the cause of an B8-fold-reduced sensitivity to the drug
Ritonavir.!” Remarkably, KI2Z shows an opposite trend:
inhibition of the Val82Ala mutant HIV PR is somewhat
better than that of the wild-type enzyme.® In the present
complex structure, an unusual angle of the aromati
“side chain” in the phenylnorstatine moiety (C11-C12
C13 105.6°) appears suggestively as an element
involved in the difference of the inhibitor binding to the
wild-type and mutant HIV PR. A tendency to adopt a
normal angle value (which is 113.8° in phenylalanine'?)
could then be expected to improve van der Waals
interactions with the mutant enzyme in the larger 51
binding pocket.

DFc electron density map (contoured at 2.60,

B €. R E’h& y
Figure 3. Details of interactions at the P1 subsite. The wild
type protein structure is green, and the modeled Val82Ala

mutant is blue. The inhibitor is magenta for the wild-type
structure and is yellow for the mutant model

A more informative view of a structural basis for the
unimpaired inhibition of the Val82Ala mutant HIV PR
was obtained by a comparison of the present wild-type
complex structure with its in silico modeled mutant
enzyme counterpart (see Experimental Procedures).
From a structural poeint of view, the aromatic “side
chain” of the phenylnorstatine moiety in the mutant
complex adopts a new position in the S1 binding pocket,
as depicted in Figure 3. Quantitative data were obtained
by molecular-mechanics-based calculations of inter
action energies of individual inhibitor segments defined
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Figure 4. Comparisons of total and decomposed interaction energies calculated for individual subsites. The segmentation of the
inhibitor structure is shown in Figure 1b: W, wild-type; MUT, Val82Ala mutant; SOL, solvation; ELE, electrostatic, including

hydrogen bonding; VDW, van der Waals.

Table 1. Comparison of Parameters Describing the Inhibitor Binding

1HXW 1N49 INHO model
wt + RIT D25N/VB2A + RIT wt + KI2 VE82A + KI2
Entire Complex
inhibitor buried surface area” (A?) 872.2 812.6 930.6 936.5
inhibitor buried surface area® (% 91.5 83.0 94.9 94.8
gap volume” (A3) 204.2 532.5 164.9 193.5
no. H bonds® 9 6 13 14
K; values? (nM) 0.015 + 0.003 012 4 0.02. 5 0.18 £ 0.02 0.11 +£0.01
S1 Subsite
inhibitor buried surface area® (A?) 199.3 179.9 243.1 2444
inhibitor buried surface area” (%) 98.3 84.4 96.6 96.0
gap volume” (A3) 72.2 179.2 62.5 94.2
no. H bonds" 4 3 4 5
S1’ Subsite
inhibitor buried surface area® (A% 124.7 139.7 163.0 168.0
inhibitor buried surface area® (%) 95.1 98.5 99.9 99.9
gap volume® (A3) 55.8 45.1 50.7 57.9
no. H bonds® 1 1 1 1

4 Calculated with program NACCESS.*? P Calculated with program Surfnet.’ ¢Obtained with program CONTACT (CCP4).% 9 As

determined in ref 8.

as shown in Figure lb. The interaction energies of
individual inhibitor segments and their respective bind
ing pockets are plotted in the histogram in Figure 4a.
While the interaction in S1 is markedly increased with
the mutation, the interaction in S1” is only slightly
decreased. A decomposition of the interaction energies
into van der Waals, electrostatic (including hydrogen
bonding), and solvation energy terms (Figure 4b) shows
that the gain in the S1 binding pocket comprises an
increase of van der Waals plus electrostatic interactions
while the loss in S1” is contributed by solvation and van
der Waals contacts.

The actual loss of the interaction energy in S1° clearly
would not suffice to compensate for the gain found in
the S1 binding pocket. The summarized interactions in
S1 plus S1” binding pockets are fully consistent with a
better fit of the KI2 structure with the mutant enzyme
active site compared to the wild-type. Not surprisingly,
the mutation appears almost neutral in regard to the
interaction energies calculated for S2, S2’, and S3'
binding pockets (Figure 4a). Such a structural mecha-
nism sharply contrasts with that involved in the
Ritonavir resistance, as is apparent from the complex
structures solved by others.!%!® Here, the mutant S1°
shows good occupation by the P1" arematic group of
Ritonavir but interaction in the S1 is substantially
weakened. This loss also involves a shift of the entire
Ritonavir molecule in the direction from S1 toward S1°.
The shift interferes also with the proper binding of
Ritonavir in other binding pockets and thus incremen-

tally weakens the overall Ritonavir interaction. The
contrast is illustrated by comparing calculated param-
eters describing the KI2 and Ritonavir binding to the
wild-type and mutant enzyme, listed in Table 1.

Discussion

The hydrogen bonding of the central part of this
inhibitor is of a unique type: neither one of the two
oxygen atoms maintains hydrogen bonds with both
catalytic aspartates, Asp A25 and Asp B25, simulta-
neously. The carbonyl group (O I1) maintains a hydro-
gen bond with one catalytic aspartate, while the hy-
droxyl group (022 11) forms a hydrogen bond with the
other. The number and distances of hydrogen bonds are
comparable to other, more frequently used isosteres,
rendering thus the phenylnorstatine group, an untypical
inhibitor moiety, a full functionality.

The observed geometry of the inhibitor phenylnorsta-
tine moiety, which is “out of plane” of the catalytic
aspartic acid residues, is determined by the (R)-config-
uration on the C21 carbon atom and by the mostly
normal occupation of the substrate binding pockets.
Surprising in this context is the exclusive presence of
the (21R 115)-diastereoisomer in the active site (as
clearly evidenced by the omit map) despite the fact that
the (215,115)-diastereoisomer was also present in an
amount sufficient for complex formation before and
during the crystal growth. Thus, the empirical finding
is that the apparently more tightly bound (R,S)-di-
astereoisomer is “extracted” into the enzyme active site,
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while it seems difficult a priori to expect its superiority
above the (S,5) -diastereoisomer in view of the existence
of tightly bound allophenylnorstatine ((S,S)-chiral) com-
pounds.'®

The proton shared by two catalytic aspartic acid
residues completes a cyclic hydrogen-bonding element
in the interaction of the enzyme and inhibitor. Such a
network has not been observed for any other complex
of HIV PR. Quite recently, however, the active site
protons in complexes of a closely related enzyme,
endothiapepsin, with three statine-based inhibitors have
been either identified directly in the electron densities
or assessed from the carboxyl bond lengths.!? Distinct
protonation states of Asp A25 and Asp B25 in HIV-1
PR/drug complexes have been assessed previously on
the basis of NMR evidence.!? Also, the hydrogen-
bonding network we describe here resembles to some
extent the cyclic network assessed recently with the
crystal structure of an oligosaccharide hydrate.?’ By use
of knowledge of the hydrogen donor/acceptor relations
(vide supra), the cyclic hydrogen-bonding element of
HIV PR may be classified as a homodromic hexagon.

Though not originally “tailored” to inhibit the Rito-
navir-resistant Val82Ala HIV PR mutant, the solved
complex wild-type HIV PR structure and in silico
calculations show that KI2 has specific characteristics
to serve such a purpose. Owing to the relatively long
“main chain” of the critical central part of KI2, the
occupation of the wild-type S1 pocket requires a defor-
mation, as though the wild-type pocket were too “tight”
for the respective aromatic “side chain”. All calculated
parameters show that the strain is relieved with the
Val82Ala mutation. Such findings can be valued as a
special case of the contribution to the original ideas on
the structural mechanisms of the HIV PR drug resis-
tance. !’

Conclusions

This paper presents the structure of the HIV-1
protease in complex with (2K,35)-phenylnorstatine com-
pound Z-Pns-Phe-Glu-Glu-NH; (KI2), determined at the
highest resolution so far reported for any HIV protease
complex (1.03 A). The observed details of structural
elements found excellently match the earlier findings
on the inhibitor properties.® First, the mostly normal
occupation of the HIV PR binding pockets by the
inhibitor “side chains” and the apparently stable hy-
drogen bonding of the central phenylnorstatine moiety
to the catalytic aspartate residues correspond to the
subnanomolar inhibition constant. Second, the solved
wild-type complex structure also gives clues to explain
unimpaired inhibition of the Ritonavir resistance con
ferring mutant. While the solved structure reveals a
strained conformation of the aromatic “side chain” of
phenylnorstatine moiety in the wild-type S1 binding
pocket, this deformation is not present in our model of
the inhibitor in the “looser” Val82Ala-mutated S1 bind-
ing pocket. Naturally, such a structural mechanism is
absent with Ritonavir and other inhibitors.!!?! Because
of a shorter main chain, Ritonavir cannot form a proper
binding in the Val82Ala mutant S1 and S1° binding
pockets simultaneously.

Taken together, these results further validate the
particular approach to overcome the HIV PR drug
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resistance by employing extended central parts in the
design of lead compounds combined with their primary
screening against drug-resistant HIV PR mutants.

Experimental Procedures

Crystallization. Inhibitor Z-Pns-Phe-Glu-Glu-NH;, (Pns =
(2R5,35)-3-amino-2-hydroxy-4-phenylbutanoic acid) was syn-
thesized on a Rink amide MBHA resin using the Fmoc/tert-
butyl-HOBt/DIC strategy. Peptide cleaved from the resin was
purified by HPLC and characterized by amino acid analysis
and FAB MS, as published previously.®

HIV-1 PR (wild-type, Bru isolate) used for crystallization
was prepared as described previously.?” The complex was
prepared by admixing the HIV-1 PR with a 6-fold molar excess
of the inhibitor (from a 10 mM stock solution in dimethyl
sulfoxide). For crystallization experiments, the complex was
transferred to a buffer solution containing 10 mM sodium
acetate, pH 5.6, 0.05% 2-mercaptoethanol, and 1 mM ethyl-
enediaminetetraacetic acid (EDTA), and the mixture was
concentrated by means of ultrafiltration using Centricon-10
(Millipore). Crystallization trials were performed by the hang-
ing-drop technique, and the best crystals were obtained under
the following conditions: 1 uL of the reservoir solution (50 mM
MES, pH 6.5, 2.4 M ammonium sulfate) was mixed with 2 uL
of the solution containing the HIV-1 PR/inhibitor complex at
a concentration of 2.2 mg/mL and was allowed to equilibrate
over 1 mL of the reservoir solution at 18 °C. After several days,
crystals with the dimensions 0.2 mm x 0.2 mm x 0.3 mm
appeared.

X-ray Data Collection. Crystals were soaked in the
reservoir solution with 20% (v/v) glycerol and transferred into
liquid nitrogen. Diffraction data were collected using synchro-
tron radiation, wavelength of 0.93 A (ESRF Grenoble, ID14-
2), and ADSC Q4 CCD based detector at 100 K (Oxford
Cryosystem). Two crystals were measured: crystal 1 diffracted
up to 1.03 A, data were collected in two passes, a high-
resolution pass comprising data from 10.0 to 1.03 A, and a
low-resolution pass comprising data from 55.0 to 1.9 A. Data
were measured with 1° oscillation, and the exposure time was
8 and 1 s, respectively. Data for the second crystal were
measured with 0.2° oscillation, and the exposure time was 2
and 1 s, respectively. All data sets were integrated by XDS?3
and scaled by XSCALE.?! The small slices technique gave
better K., values. However, the best data set was obtained
by scaling all data sets together. The data collection statistics
are shown in Table 2.

Structure Determination, Refinement, and Analysis.
The HIV-1 PR/inhibitor structure was solved by molecular
replacement using the EPMR program.® HIV-1 PR from a
complex structure (PDB code: 1VIK®) was used as a search
model. Structure factors in the 15—4 A resolution range were
used for both the rotational and translational searches. The
solution yielded a correlation coefficient of 0.553 and an R
factor of 45.3%. After the initial rigid-body refinement, using
the CNS program?” at 50—1.6 A resolution (monomers allowed
to move independently), the R factor and Rp.. values fell to
42.7% and 43.6%, respectively. Further refinement of the
model containing only HIV-1 PR was carried out with CNS
using the simulated annealing protocol.?” The Ry.. factor®® was
used to monitor the progress of the refinement by omitting
2.5% of the data (2164 reflections), randomly chosen. Building
of the inhibitor was performed using XtalView.??

At this stage, a model of the inhibitor molecule was built in
the enzyme active site. After repeated cycles of the refinement,
the model of an inhibitor bound at the protein interface was
built by fitting it into difference electron density maps. The
completed model was then refined by conjugate gradient least-
squares methods against structure factors using SHELXL.-97.30
Binning of the R value by resolution showed that the bulk
solvent correction, as implemented in SHELXL-97, did not
describe the low-resolution data well. Therefore, low-resolution
cutoff at 6 A was applied.

Twenty amino acids in multiple conformations for protein
and “inhibitor side chains” were introduced for residues
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Table 2. Crystallographic Statistics

parameter
Data Collection Statistics
space group 212121
unit cell
alA) 28.85
b (A) 66.52
c(A) 93.00
diffraction limits (A) 54.1-1.03
no. of measured reflections 872 620
no. of unique reflections 88 784
average flo(]) 10.5 (1.85)
Roym (%) 7.8 (37.9
completeness (%) 99.0 (93.3)
Wilson B factor (A?) 7.9
Refinement Statistics
R factor (%) 13.0
R-free factor (%) 16.5
non-hydrogen atoms 1937
non-hydrogen atoms in inhibitors 106
heterogeneous atoms 15
water molecules 233
reflections used in refinement 86 020
reflections in test set 2205
rmsd from ideal bond distances (A) 0.016
rmsd from ideal valence angle values (deg) 0.036

4 Values in parentheses correspond to the last resolution shell
(1.06—1.03 A).

exhibiting alternative conformations in 1.50 2mFo — DFc and
30 mFo — DFc electron density maps. During further refine-
ment, anisotropic displacement parameters for protein and
active site inhibitor atoms were introduced and the refinement
using SHELXL-97 was continued. Next, anisotropic displace-
ment parameters of atoms of outer ligand and solvent mol-
ecules were added to the model.

Hydrogen atoms of amino acids, placed according to stereo-
chemistry, further reduced the R, and K. values. At the
end of the refinement, a round of blocked full-matrix least-
squares refinement was performed using all reflections (in-
cluding those previously used for Ky.) to obtain a proper
estimate of standard deviations of all refined parameters.

The stereochemical quality of the model was controlled with
PROCHECK.?' Atomic coordinates have been deposited into
the Protein Data Bank, PDB code 1NHO. The refinement
statistics is shown in Table 2.

Buried surface areas were calculated using the program
NACCESS.* an implementation of the Lee and Richards
algorithm.* The default values (probe radius, 1.4 A; zslices,
0.05 A; van der Waals radii) were used in the calculations.
The volume of the gaps between the inhibitor and the protease
was calculated using the program SURFNET? (maximal and
minimal radii of 4.0 and 1.0 A, respectively). Hydrogen bonds
(3.2 A) and van der Waals contacts (4.0 A) were analyzed
by the program CONTACT (CCP4).*

Molecular Modeling. The simulations and energy analy-
ses were carried out in AMBER 7.0.%% Structure manipulation
was performed with INSIGHT II 2000.*" Charges for the
inhibitor atoms were obtained from quantum mechanical
calculations using Gaussian 98, revision A6.%

Hydrogen atoms were added to the crystal structure of the
wild-type HIV protease/inhibitor complex. The protonation of
the active site aspartic acid residues was done according to
the findings of the X-ray analysis (this work). The Val82Ala
mutant was created by replacing the two valine side chains
in the wild-type protease with alanine. The model included
the crystallographically determined water molecules.

In the simulations, the biomolecular force field ff99% was
used for the protease and general AMBER force field (gaff)*
parameters were used for the inhibitor. Partial charges for the
inhibitor atoms were determined by fitting electrostatic po-
tential calculated at the HF/6-31G* level. In the wild-type
complex, we optimized hydrogen atom positions only. In the
mutant, we first relaxed the hydrogen atoms followed by
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10 000 cycles of minimization in the neighborhood of the
mutated residue (residues 23, 80—84 from both protease
monomers) plus all atoms of the inhibitor.

Using the resulting structures, we calculated protease—
inhibitor interaction energies with an MM-GBSA approach
(molecular mechanics generalized Born surface area).*’ Energy
terms were separated into van der Waals, electrostatic, and
solvation terms. For the purposes of decomposition, the inhibi-
tor structure was split into amino-acid-like segments (from P2
to P3’ in Figure 1b).
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Inhibitor binding at the protein interface in crystals

of a HIV-1 protease complex

Depending on the excess of ligand used for complex
formation, the HIV-1 protease complexed with a novel
phenylnorstatine inhibitor forms crystals of either hexagonal
(P6,) or orthorhombic (P2,2,2;) symmetry. The orthorhombic
form shows an unusual complexity of crystal packing: in
addition to one inhibitor molecule that is bound to the enzyme
active site, the second inhibitor molecule is bound as an outer
ligand at the protein interface. Binding of the outer ligand
apparently increases the crystal-quality parameters so that the
diffraction data allow solution of the structure of the complex
at 1.03 A, the best resolution reported to date. The outer
ligand interacts with all four surrounding HIV-1 protease
molecules and has a bent conformation owing to its
accommodation in the intermolecular space. The parameters
of the solved structures of the orthorhombic and hexagonal
forms are compared.

1. Introduction

The retroviral protease of HIV (HIV PR) is an enzyme that
has been extensively studied by protein crystallography
methods (reviewed, for example, in Wlodawer & Vondrasek,
1998). Structure-based drug design then yielded eight drugs
that have now been approved for clinical anti-AIDS use (for a
review, see Wlodawer & WVondrasek, 1998). The search for
novel compounds that would overcome known drug resistance
(Erickson & Burt, 1996) has included a combinatorial
approach in which large sets of potential inhibitors are
screened against resistant HIV PR species as primary targets
{Houghten er al., 1991). Using combinatorial peptide libraries,
we have already identified several compounds that have good
(subnanomolar) inhibitory capacity towards representative
drug-resistant HIV PR forms (Rinnova er al., 2000). The
phenylnorstatine group, an atypical inhibitor moiety, served
the purpose of investigating the potential of replacement of
the peptide bond with larger groups. In the previous paper
(Brynda et al., 2004) and in the present paper, the structure of
wild-type HIV-1 PR complexed with one of these inhibitors,
Z-Pns-Phe-Glu-Glu-NH. [Z, benzyloxycarbonyl; Pns, phenyl-
norstatine, (2RS,3S5)-3-amino-2-hydroxy-4-phenylbutanoic
acid] is described. Using a sixfold molar excess of ligand for
pre-forming the HIV-1 PR complex, the protein-inhibitor
crystals grew to an extraordinary diffraction quality, allowing
thus the structure to be determined at 1.03 A resolution: to
our knowledge, this is the highest resolution of any HIV PR~
inhibitor complex reported to date (PDB as of June 2004),
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Table 1
X-ray data-collection and processing statistics.

Values in parentheses correspond to the last resolution shell.

P2,2,2, P6,
a = 2885, b = 66.52, a = 6137, b =161.37,

Space group A
Unit-cell parameters (A)

) ¢=93.10 ¢ = 80.52
Diffraction limits (A) 54.1-1.03 (1.06-1.03) 26.54-2.20 (2.33-2.20)
No. measured diffraction 872620 54226
maxima
No. unique reflections 88784 8742
Average la(l) 10.5 (1.85) 10.4 (2.56)
Ry (%) 7.8 (37.9) 11.3 (58.7)
Completeness {%! 99.0 (93.3) 99.3 (97.1)
Wilson B factor (Az) T9 46.9

2. Experimental
2.1. Crystallization

The inhibitor Z-Pns-Phe-Glu-Glu-NH, belongs to a series
of inhibitors that replace the scissile bond at the cleavage site
of the substrate with a phenylnorstatine group. The inhibitor
was synthesized on Rink amide MBHA resin using the Fmoc/
t-butyl-HOBU/DIC strategy, as published previously (Rinnova
et al., 2000). HIV-1 PR (wild type, Bru isolate) used for
complex formation and crystallization was obtained by
recombinant expression as described previously (Sedlacek er
al., 1993).

In trials using the hanging-drop technique, hexagonal as
well as orthorhombic crystals were obtained with buffer
containing 50 mM MES pH 6.5, 2.4 M ammonium sulfate as
the precipitating agent. The procedure comprised pre-forma-
tion of the complex using a sixfold molar excess of inhibitor in
the case of orthorhombic crystals and a threefold to fourfold
molar excess of the inhibitor in the case of hexagonal crystals.
The complex solution containing 10 mM sodium acetate pH
5.6, 0.05%(v/v) 2-mercaptoethanol, 1 mM ethylenediamine-
tetraacetic acid (EDTA) was concentrated to 2.2 mg ml™'
protease in a Centricon-10 (Millipore) cell. Each hanging drop
consisted of 2 pl concentrated complex solution and 1 pl
reservoir solution. Hexagonal crystals appeared overnight,
whereas orthorhombic crystals appeared after several days of
equilibration at 291 K. Crystals were mounted in a nylon loop,
soaked in cryoprotectant solution [reservoir solution with
20%(v/v) glycerol] for a few seconds, bathed in paraffin oil and
finally transferred into liquid nitrogen and stored frozen.

2.2. X-ray data collection, structure determination and
analysis

Data collection from orthorhombic crystals and determi-
nation and refinement of the orthorhombic structure are
described in detail in Brynda er al. (2004). Coordinates and
structure factors for this structure have been deposited with
PDB code 1nh0.

The best hexagonal crystal, with dimensions 0.08 x 0.08 x
0.5 mm, was used for measurements. Diffraction data were
collected on beamline 1D14-2 at the European Synchrotron
Radiation Facility, Grenoble at 0.93 A wavelength, using an
ADSC Q4 CCD-based detector at 100 K (Oxford Cryosys-
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Table 2

Refinement statistics.

Space group P2,2,2 Pé,
R factor (%) 13.0 20.9
Ry, factor (%) 16.5 26.3
Non-H atoms in model 1937 1669
Water molecules 233 17
Reflections used in refinement 86020 8326
Reflections in test set 2205 413
Rm s.d. from ideal bond distances (A) 0.016 0.17

0.036 AF 294
SHELX9T REFMAC 5124

R.m.s.d. from ideal valence-angle values (7)
Program used

t Distance between two atoms that are both bonded to the same atom.

tems). The data were integrated using XDS (Kabsch, 2001a)
and scaled using XSCALE (Kabsch, 2001b), i.e. by the same
procedure as described for the orthorhombic crystals (Brynda
et al., 2004). Table 1 summarizes the data-collection statistics.

Since our hexagonal crysial appeared to be isomorphous
with all other P6, crystals of HIV-1 protease complexes,
structure determination was performed by the rigid-body
refinement protocol using 1vij as the initial model and then by
the restrained refinement protocol, both using REFMAC
v.5.1.24 (Collaborative Computational Project, Number 4,
1994). At this point, the inhibitor was built in the active
site according to the difference electron-density map
(m|F,| — D|F/] coefficients) and its known position in the
orthorhombic structure using XtalView (McRee, 1999). After
a few cycles of restrained refinement, water molecules were
added and the model was again refined using REFMAC.
Coordinates and structure factors for this hexagonal structure
have been deposited as PDB code 1u8g. The final refinement
statistics are summarized in Table 2.

Analysis of crystal contacts was performed using
CONTACT (Collaborative Computational Project, Number 4,
1994). The parameters for contact counts were as follows:
hydrogen-bond distance limits were 2.25-3.25 A (non-H-
non:H atom) and the van der Waals bond distance limit was
39 A (non-H-non-H atom). The molecular models used
comprised only protein and inhibitor molecules; water, ions
and other small molecules were ignored. In the cases of dual
conformations, the atoms having partial occupancy were
counted with their respective occupancy factors.

Density of crystal packing is expressed as the volume of the
unit cell divided by the number of liganded HIV PR dimers in
1t; this (reciprocal) parameter is termed ‘per HIV PR molecule
volume’. The solvent contents were calculated with
MATTHEWS_COEF program (Collaborative Computational
Project, Number 4, 1994).

3. Results
3.1. Resolution limit and model quality

The three-dimensional structure of HIV-1 protease
complexed with a recently characterized inhibitor (Rinnova et
al., 2000), Z-Pns-Phe-Glu-Glu-NH, (see §1 for abbreviations
and Fig. 1 for the formula) was determined (see also Brynda et
al., 2004). Orthorhombic crystals grown from a co-crystal-
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lization mixture containing a sixfold molar excess of the
inhibitor (see §2) diffracted to nearly 1 A resolution. For the
chosen resolution of 1,03 A, reflections in the last shell had an
average l/o(l) ratio of higher than 1.85. After molecular
replacement and rigid-body refinement, electron density for
the inhibitor molecule in the active site was clearly recogniz-
able. On the basis of additional continuous positive electron
density in the solvent region, the second molecule of the
inhibitor bound to the outer protein surface was built into the
model (Fig. 2). Although the compound used for complex
formation and crystal growth had mixed R and § chirality at
the C21 C atom (the only racemic atom), both bound inhibitor
molecules were of R chirality at C21.

Remarkably, co-crystallization from a mixture having the
same composition except for a lower (threefold) molar excess
of the inhibitor led to the growth of hexagonal crystals (space
group P6,) that diffracted to 2.2 A resolution (PDB code
1uBg). Table 2 summarizes the data-collection, processing and
structure-refinement statistics. In brief, a single inhibitor
molecule was found in the active site with a mixed orientation,
as consistently observed with all other hexagonal crystals (e.g.
Dohnalek et al., 2001). The inhibitor structure is identical to
that of the active-site inhibitor molecule in the P2,2,2, form:
the r.m.s.d.s for the two orientations in the P6, form are 0.101
and 0.109 A, respectively, calculated against all 53 non-H
atoms of the prevalent conformation of the active-site inhi-
bitor of the P2,2,2; form.

The final map obtained for the orthorhombic form showed
very clear electron densities for all side chains except for those
of two HIV PR surface amino-acid residues, LysAl4 and
ArgA4l. The refined model contains 198 amino acids, two
inhibitor molecules, 230 water molecules, two sulfate anions, a
complete mercaptoethanol molecule bound to residue
CysA67 and another mercaptoethanol molecule represented
only by its S atom at a distinctive covalent-binding distance to
atom SG of CysB67, similar to that of other PDB entries (e.g.
1dif, 1hih). The model of the protease has 94.9% of the non-
glycine and non-proline residues in the most favoured region
of the Ramachandran plot and the remainder in the addi-
tionally allowed region. Remarkably, the model accuracy of
the atom coordinates and their statistical deviations permits
an assessment of the protonation/deprotonation of carboxylic
O atoms of the enzyme catalytic aspartates on the basis of C—
O distances (Wlodawer et al, 2001), as detailed elsewhere
(Brynda er al., 2004).

3.2. Crystal packing: contacts of the inhibitor with outer
protein surface

The complex crystallized in space group P2,2,2; and the
asymmetric part of the unit cell contained one molecule of
HIV PR dimer and two molecules of the inhibitor, one in the
active site and one as an outer ligand (Fig. 3). The arrange-
ment of the protein molecules in the crystal lattice is distinctly
different from that commonly found in other P2,2,2, orthor-
hombic crystals of HIV PR complexes (March et al., 1996;
Prabu-Jeyabalan er al., 2000; Mahalingam et al., 2001, 2002;
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King et al.,2002). As shown in Fig. 3 (see also the stereoview in
Fig. 4b), the orientation of the protein molecules is basically
such that a region to the ‘left’ of the four-termini region of a
HIV PR molecule points towards one arm of the flap structure
of one neighbouring HIV PR molecule, while the region to the
‘right’ of the four-termini region points towards one arm of the
flap structure of another neighbouring HIV PR molecule.
Each HIV PR has one inhibitor molecule in its active site and
the additional inhibitor molecules consistently occupy the sites
where the flap and the four-termini regions of HIV PR
molecules are close to each other in the crystal lattice.

Each molecule of the inhibitor bound to the outer protein
surfaces makes intermolecular contacts with the protein
chains of four HIV PR molecules. The outer ligand inhibitor
molecule has a bent conformation, in contrast to the extended
conformation of the inhibitor molecule bound to the active
site; a more detailed comparison is given in the following
section. The outer ligand interacts via two hydrogen bonds
with two amino-acid residues in the terminal region of one
HIV PR molecule (J1 O9 to TrpA6 NE1 and GluJ4 OE1 to
ThrA4 OG1) and via one hydrogen bond to a symmetry-
related HIV PR molecule (GluJ4 NXT to CysB67 O).

The outer ligand makes one hydrogen bond to the
N-terminal region of one HIV PR molecule (J109 to
TrpA6 NEI1, 2.91 A). The outer ligand displays a number of

o 10 1 \ 18 17

Figure 1
Chemical structure of the inhibitor; the numbering of atoms and labelling
of residues correspond to the deposited PDB file.
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Figure 2

Inhibitor bound at the protein interface shown in an omit map (blue, 3o level; green, 6o level).

Figure 3

Crystal packing. One unit cell is shown: the orientation of its axes is
marked at the bottom right. Protein molecules are represented by ribbon
models coloured red for the molecule in the asymmetric part of the unit
cell and coloured green, blue, and yellow for the first, second and third
symmetry-related molecules, respectively. Stick models, coloured orange
for the molecules bound in the active site and magenta for the molecules
contacting the outer protein surface, represent the inhibitor molecules.

van der Waals interactions with all four surrounding HIV PR
molecules: 35 van der Waals interactions with the dimer in the
asymmetric unit (red in Fig. 4b), seven van der Waals inter-
actions with a dimer in the neighbouring unit cell (yellow
molecule in Fig. 4b), 14.5 van der Waals interactions with the
dimer in the first symmetry-related position (green molecule
in Fig. 4b) and 30 van der Waals interactions with the dimer in
the second symmetry-related position (blue molecule in
Fig. 4b).

When counted per HIV PR dimeric molecule, interactions
with outer ligands comprise one hydrogen bond and 35 + 7 +
14.5 + 30 (i.e. a total of 86.5) van der Waals contacts,

The polypeptide chains of HIV PR in the binding regions of
the outer ligand remain undistorted as revealed by direct
comparison with the present hexagonal form (r.m.s.d. is 0.18 A
for the main-chain atoms) or with other HIV PR structures,
e.g. PDB code 1hxw (Kempf er al., 1995).

1946 Brynda et al. + HIV-1 protease complex

3.3. Inhibitor conformation: inside and
outside the active site

The exclusive presence of the R stereo-
isomer in the complex (despite the presence
of sufficient amounts of the § stereoisomer
before and during crystal growth) is clearly
evidenced by the omit map for the active-
site molecule (Brynda et al., 2004) as well as
for the outer ligand, as shown in Fig. 2. The
inhibitor molecule bound in the active site
displays interactions of its main chain and
side chains that are similar in most HIV PR
complexes with peptidomimetic inhibitors,
except for the phenylnorstatine moiety of
the present inhibitor, which maintains a
unique type of hydrogen bonding (Brynda
et al., 2004). The inhibitor bound to the
active site displays the usual extended
conformation, corresponding to its accommodation in the
enzyme active site. When this conformation is superimposed
on the conformation of the same compound bound as the
outer ligand (Fig. 4a) many differences become evident. The
outer ligand has a bent conformation corresponding to
accommodation in the intermolecular space (Fig. 4b) and to
the above-described interaction with the protein-surface
residues. There are, however, no evident hydrogen-bonding or
Coulombic interactions within the outer ligand itself that
would induce its bent conformation. Three major differences
in the backbone torsion angles (active site versus outer ligand)
are CB—N10—C11—C21, —75.7° versus —116.2°, N10—
C11—C21—C, 143.4° versus 74.8°, and ¢ Phe C—N—CA—C,
—66.4° versus —1254°. The same results are obtained on
comparison of the outer ligand with the active-site inhibitor of
the P6, form.

The inhibitor surface area buried upon binding as an outer
ligand is 674 A’ which represents 70% of the total solvent-
accessible surface area of the inhibitor in this conformation
(954 A%).

3.4. Correlation of crystal packing and resolution limits

Inhibitor binding at the protein interface is accompanied by
formation of crystals of the common P2,2,2; symmetry but
with characteristic crystal packing, with an alteration in
intermolecular contacts and the replacement of disordered
solvent molecules. In a search for a correlation between crystal
packing and resolution limits, the present orthorhombic and
hexagonal structures were compared by (i) the numbers of
intermolecular hydrogen bonds and van der Waals contacts
per HIV. PR molecule and (ii) the density of packing
expressed as volume of the unit cell per HIV PR molecule (see
§2) or as per cent solvent content. The latter comparison was
then performed for a group of relevant PDB-deposited
structures.

The present orthorhombic and hexagonal structures display
similar extents of direct protein-protein interaction: 24
hydrogen bonds and 214 van der Waals contacts per HIV PR
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molecule in the orthorhombic structure and 20 hydrogen
bonds and 206 van der Waals contacts in the hexagonal
structure. Overall intermolecular contacts are, however,
augmented in the orthorhombic form compared with the
hexagonal structure. The incremental interactions, comprising
one hydrogen bond and 86.5 van der Waals contacts per HIV
PR molecule, are described in more detail in §3.2. The
difference between the overall intermolecular interactions in
the orthorhombic and hexagonal forms is thus substantial
(300.5 van der Waals contacts versus 214 van der Waals
contacts) and the protein-ligand-protein interactions can be
appreciated as a factor contributing to the strength of the
crystal network and which probably improves the practical
diffraction quality.

The outer-ligand-containing orthorhombic form displays
very dense crystal packing: its per HIV PR molecule volume,
448155 A’, is the fourth smallest value
among the 168 PDB-deposited structures of
HIV-1 PR complexes and its solvent
content, 36.1%, is the lowest. However, the
importance of the dense crystal packing
cannot simply be inferred since the hexa-
gonal form is packed with a similarly high
density (43 771.9 A®, the smallest value of
the 168 structures, and 36.7%, the second
lowest solvent content). Also, the overall
ranking of the 168 structures according to
their density of crystal packing (data not
shown) gives no obvious clues. Contribution
of the density of packing to the crystal
quality becomes apparent with a correlation
performed separately for structures of
P2,2,2; symmetry (55 PDB entries, when
not including another three of >59 000 Al
per HIV PR molecule volume). The plot of
the calculated ‘per HIV PR molecule
volumes’ and the stated resolution limits
(Fig. 5) displays a direct proportionality
trend for this group, although with a
mediocre correlation coefficient of 0.498. In
qualitative terms, this correlation can prob-
ably be understood as the crystal quality
being improved with denser crystal packing
since the protein molecules are less exposed
to solvent and their side chains are more
restricted in movement.

4. Discussion

Several aspects of the binding of a novel
compound Z-Pns-Phe-Glu-Glu-NH, to HIV
protease have already been examined at the

Figure 4
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five-atom-long backbone between two key aromatic groups
(Pns C11-Phe C”) and resembles successful Pns-Pro-based
inhibitors (Reiling er al., 2002).

A second molecule of inhibitor, bound as an outer ligand,
makes contacts with functionally important regions of the
enzyme, Le. with the flap structure that moves in each turn of
the catalytic cycle and with the Trp6 residue in the amino-
terminal region of the polypeptide chain involved in the
obligatory dimerization of the enzyme subunits (Figs. 3 and
4b). Nevertheless, at least two arguments exist against the
consideration of an inhibitory role of the outer ligand mole-
cule. Firstly, assembly in solution of a complex consisting of
five components (four protein molecules and one ligand
molecule, as in the crystal) seems unlikely. Secondly, the
protein regions in contact with the ligand are of undistorted
conformations and this contrasts with known mechanisms of

level of an atomic resolution complex
structure (Brynda er al., 2004). The central
part of this compound includes the
pseudodipeptide phenylnorstatine-phenyla-
lanine (Pns-Phe), which has an extended

Details and comparisons of the ligand structures. (a) Stereoview comparison of the
conformations of the active-site inhibitor (yellow) and the outer ligand (green). (b) Stereoview
of inhibitor (magenta) maintaining contacts with four protein molecules: red colour
corresponds to the protein molecule in the asymmetric part of unit cell and yellow shows
that in the neighbouring cell; green corresponds to the third symmetric position and blue to the

fourth symmetric position.
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Plot of the calculated ‘per HIV PR molecule volumes’ and the stated
resolution limits for 55 PDB entries. For details, see text.

HIV PR inhibition outside its active side: the inhibitory
antibodies with epitopes in the flap or in the amino-terminal
HIV PR region do substantially distort the epitope peptide
conformations (Lescar et al., 1997; Rezacova er al., 2001).

The quality of a protein crystal is defined by its shape, size,
mosaicity and resolution limit (McPherson, 1998). Very
generally, resolution limit is determined by the order of the
crystal structure: a highly ordered crystal will have a high
resolution limit. While negative influences, such as presence of
chemical or conformational heterogeneities, are easily
understandable, positive factors improving crystal resolution
limit often lack rigorous explanation. In literature, factors that
facilitate initial crystal growth, improve crystal quality or
expand resolution limit are frequently discussed together, as in
the case of metal ions, additives or detergents. An additional
inhibitor molecule bound at the protein interface has never
been found in the large variety of HIV PR crystal structures
solved before and described cases of the improvement
achieved by co-crystallization with a specific ligand (e.g.
Trakhanov et al, 1998) do not bear sufficient analogy to the
present case. We believe that two conclusions may be drawn,
fully based on the above experimental results. Firstly,
improvement of the resolution evidently arises from the
characteristic crystal packing in view of the substantial
difference between the diffraction of the orthorhombic crys-
tals containing the outer ligand and that of the conventional
hexagonal ones. Second, all quantitative parameters match the
criteria for supplementary ordering of the crystal with the
interface ligand binding: the movement of protein molecules
relative to each other may become restricted owing to stronger
networking and the movement of side chains may be restricted
in larger areas of the protein molecules owing to replacement
of disordered solvent.

This work was supported by the project No. K5011112
awarded by the Academy of Sciences of the Czech Republic,
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Toward the Insulin—IGF-I Intermediate Structures: Functional and Structural
Properties of the [Tyr®>NMePhe??] Insulin Mutant®
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ABSTRACT: The origins of differentiation of insulin from insulin-like growth factor I (IGF-I) are still
unknown. To address the problem of a structural and biological switch from the mostly metabolic hormonal
activity of insulin to the predominant growth factor activities of IGF-I, an insulin analogue with IGF-I-
like structural features has been synthesized. Insulin residues PheP? and Tyr*® have been swapped with
the IGF-I-like Tyr?* and Phe?® sequence with a simultaneous methylation of the peptide nitrogen of residue
PheB?6. These modifications were expected to introduce a substantial kink in the main chain, as observed
at residue Phe® in the IGF-I crystal structure. These alterations should provide insight into the structural
origins of insulin—IGF-I structural and functional divergence. The [Tyr®>*NMePhe®?] mutant has been
characterized, and its crystal structure has been determined. Surprisingly, all of these changes are well
accommodated within an insulin R6 hexamer. Only one molecule of each dimer in the hexamer responds
to the structural alterations, the other remaining very similar to wild-type insulin. All alterations, modest
in their scale, cumulate in the C-terminal part of the B-chain (residues B23—B30), which moves toward
the core of the insulin molecule and is associated with a significant shift of the Al helix toward the
C-terminus of the B-chain. These changes do not produce the expected bend of the main chain, but the
fold of the mutant does reflect some structural characteristics of IGF-1, and in addition establishes the

COAY—NHB® hydrogen bond, which is normally characteristic of T-state insulin,

Despite a wealth of structural information about human
insulin, the exact nature of the binding of this hormone to
its cognate insulin receptor remains unknown. Some comple-
mentary data about the structure—function relationship of
insulin come from studies on human insulin-like growth
factor 1 (hIGF-1)."! hIGF-I, as opposed to two-chain insulin,
is a single polypeptide 70-amino acid hormone with close
structural and biological connections to insulin, reflected in
its ability to bind to both the hIGF-I receptor and, with lower
affinity, the insulin receptor. Insulin consists of two disulfide-
linked chains (residues A1—A21 and B1—B30), where the
B-chain is homologous with the amino-terminal 29-residue
region of hIGF-I. A 12-amino acid linking sequence
(“C-loop”) of hIGF-I joins its B-domain to a region corre-
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sponding to the A-chain of insulin. The terminus of the C-end
of hIGF-1 contains eight additional amino acids named the
D-domain (Figure 1).

The comparative studies of insulin, IGF-I, and their
analogues are complicated further by the ability of insulin
to form at least two, different hexamer (T6 and R6)
conformers. The so-called T (tense) state occurs when the
A and B chains form a more compact molecule with the
first six N-terminal residues (B1—B6) adopting an extended
chain fold. In the R (relaxed) conformer, all these residues
are in a fully a-helical conformation extending the already
existing B9—B19 a-helix (/). However, several other
intermediate T — R hexamers and insulin forms (e.g., T3R3
and T3R3") have also been observed (2)

Recent crystal structure determinations of hIGF-1 (3, 4)
revealed a structure that might represent one of the active

! Abbreviations: hIGF-I, human insulin-like growth factor I; TPCK-
trypsin, trypsin treated with L-1-tosylamine-2-phenylethyl chloromethyl
ketone; DOI, desoctapeptide®™ %" insulin; Tris, TRIZMA buffer; Fmoc,
9-fluorenylmethoxycarbonyl; HBTU, 2-(1 H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate; DIPEA, diisopropylethyl-
amine; PyBroP, bromo tris(pyrrolidinophosphonium) hexafluorophos-
phate; TFE, trifluoroethanol; DCM, dichloromethane; TFA, trifluoro-
acetic acid; TIS, trusopropylsilane; DMF, N,N-dimethylformamide;
GFYNMeFTPK(Pac)T, Gly-Phe-Tyr-NMePhe-Thr-Pro-Lys(Pac)-Thr;
Pac, phenylacetyl group; RP-HPLC, reverse phase high-performance
liquid chromatography; SEM, standard error of the mean.
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FiGURE 1: Sequence and chain organization of the [TyrB*NMe-
PheP?] mutant, insulin, and hIGF-l. The sequence changes in
[TyrBNMePheP] are given in the bottom part of the top row
(B-chain) [otherwise, the mutant sequence has been omitted in the
middle (C-chain) and bottom (A-chain) rows as it is identical to
that of insulin]. The top numbering in each row corresponds to
insulin and the bottom one to the IGF-I sequence. Identical residues
in insulin and 1GF-1 are colored green, and residues that are
important for receptor binding are colored red.

conformations of insulin adopted upon receptor binding. This
interaction is known to involve the N-terminal part of the
A-chain of insulin uncovered by the displacement of the
B-chain C-terminus. However, the molecular bases of the
structural switch that determine biological specificities of
both hormones are still unknown. The putative “insulin-
active” conformation described in hIGF-I is promoted by
the C-loop which introduces a sharp bend at residue Phe®,
exposing residues 42—44 (equivalent to residues A1—A3 in
mnsulin). This observation is in agreement with other studies,
which have established the link between exposure of residues
A1—A3 and insulin activity (5—7). On the other hand, there
is other evidence (8—/17) which demonstrates that not only
the rigid, covalent bond between the N-terminus of the
A-chain and the C-terminus of the B-chain but also an
excessive flexibility of C-terminal residues of the B-chain
leads to a low binding affinity of such insulin analogues.
The three evolutionarily conserved aromatic residues, Phe®**,
PheP?*, and Tyr®% of insulin and Phe?, Tyr*, and Phe®® of
hIGF-I, are among the most important residues for the
interaction with insulin or IGF-I receptors (/2—174). The
alterations of these amino acids (especially those diminishing
the hydrophobic character of these side chains) drastically
affect the affinity of the hormones for their receptors (/5).

Both the insulin and IGF-I receptors belong to the tyrosine
kinase family of receptors with sequence homologies varying
from 41 to 84% between different domains and subunits (16,
17). Despite this high degree of similarity and analogous
functional organizations of these receptors, insulin and IGF-I
bind to the noncognate receptor with low affinity (/&). The
insulin—IGF-I mutant studies indicated also that their level
of binding to the noncognate receptor is proportional to the
degree of similarity of a particular analogue to the physi-
ological ligand (/4, 19).

These observations pushed us toward a more detailed
analysis of the possible “IGF-like” structural transitions
within the insulin molecule. In this study, we have tried to
probe the structural effects of swapping insulin residues
PheP? and Tyr®? with the IGF-I-like Tyr** and Phe”
residues, respectively, coupled with the methylation of the
main chain nitrogen atom of residue B26 (Figure 1). This
additional modification of the main chain was introduced
with the aim of forcing the terminal part of the B-chain of
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insulin to move away into an IGF-like conformation,
mimicking the kink in IGF-I at residue Phe®>. This new
insulin mutant will here be termed [Tyr®>*NMePhe??¢]. The
corresponding chain numberings in insulin (or the
[Tyr®NMePheP?*] mutant) and h-IGF-I are given in brackets
and braces, respectively.

MATERIALS AND METHODS

Synthesis of the [Tyr®’NMePhe®°] Mutant

The preparation of [Tyr®*>NMePhe®?] involved several
steps. First, zinc-free porcine insulin was treated with TPCK-
trypsin dissolved in 0.1 M CaCl; to give desoctapeptideB-530
insulin (DOI). Second, DOI was coupled with the
Tyr3*NMePheP?* octapeptide C-terminal analogue of the
human insulin B chain, and finally, the protecting groups
were removed.

Preparation of Desoctapeptide®=%" [nsulin (DOI)

To a solution of Zn-free porcine insulin (20) dissolved in
0.05 M Tris-HCI buffer (pH 9.0—9.2) was added TPCK-
trypsin in 0.1 M CaCl, to a final enzyme:substrate ratio of
1:50. This solution was left for 20 h at room temperature,
after which the pH of the solution was adjusted to 5.4 using
I M HCL. The solution was then centrifuged at 2000g for
20 min, and the resulting supernatant was lyophilized. The
lyophilized desoctapeptide insulin was subsequently dis-
solved in 10% acetic acid and purified by gel filtration using
a Sephadex G50 matrix. This procedure yielded 75% pure
desoctapeptide®** 2% insulin.

Preparation of the Gly-Phe-Tvr-NMePhe-Thr-Pro-
Lys(Pac)-Thr-OH Octapeptide

The octapeptide analogue of the C-terminus of the human
insulin B-chain was synthesized on a 2-chlorotrityl chloride
resin. This process employed the Fmoc protection strategy
for a-amino groups of individual amino acids, with fert-
butyl group protection for the side chain of the tyrosine and
threonine residues and phenylacetyl (Pac) group protection
for the lysine residue. Coupling of the amino acids was
carried out in a HBTU/DIPEA environment, with the
exception of that of the N-methylphenylalanine, which was
carried out in a PyBroP/DIPEA solution. The resulting
peptide was cleaved from the resin using an acetic acid/TFE/
DCM muxture (1:1:8 by volume), and the protecting groups
of the sides were cleaved off using a TFA/TIS/H,O/DCM
solution (50:2:2:46 by volume), with the exception of
phenylacetyl, which was removed later. The final yield was
85%.

Enzymatic Semisynthesis of the Insulin Analogue

The synthesis of the analogue was performed according
to the method of Inouye (2/, 22). The amino component
[G-F-Y-NMeF-T-P-K(Pac)-T, 150 mM] and 30 mM DOI
were dissolved in a solution containing 55% (v/v) DMF, 10
mM CaCl,, and TPCK-trypsin (enzyme:substrate molar ratio
of 1:50), to a total volume of 200 uL. The pH value was
adjusted to pH 6.9—7.0 using N-methylmorpholine. The
resulting mixture was then incubated for 4—7 h at room
temperature. The reaction, monitored by analytical RP-
HPLC, was stopped by the addition of cold acetone. The
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resulting sediment was diluted in 10% acetic acid and
analyzed by preparative RP-HPLC. All peaks were collected
and lyophilized, giving an overall yield of 10—15%.

Deprotection of the Insulin Analogue by Penicillin
Amidohydrolase

The insulin analogue with the e-amino group of Lys®?
protected by Pac was dissolved in 0.05 M phosphate buffer
(pH 7.6) (12). Immobilized penicillin amidohydrolase was
swelled in 0.05 M phosphate buffer for 30 min, and then
the analogue was added. The reaction was allowed to run
for 2.5 h, and then two peaks arising from RP-HPLC analysis
were collected and lyophilized, giving a final of
[TyrB2*NMePhe?*] yield of 50—60%.

Biological Assays

The assay described by Zorad et al. (24) was used to
determine the relative binding affinities of insulin and
[TyrB2*NMePheP?] for the insulin receptor of rat adipose
tissue plasma membranes. The membranes were isolated
from epidymal fat of male rats (Wistar, 210—250 g); 50 ug
of plasma membrane was incubated in a 5 mL test tube with
["**1Jinsulin (2 x 107 M ~ 70 000 cpm). Then various
concentrations of insulin or the insulin analogue (ranging
from 107" to 107° M) in a buffer consisting of 2 mM
N-ethylmaleimide, 13.2 mM CaCl,, 0.1% (w/v) bovine serum
albumin, and Tris-HCI (pH 7.6) were added to a total volume
of 250 uL. Each solution was incubated for 21 h at 4 °C,
and then the reaction was terminated by the addition of ice-
cold 120 mM NaCl followed by a quick filtration on a
Brandell (Gaithersburg, MD) cell harvester. The bound
radioactivity was determined by y-counting. Total binding
(in the absence of unlabeled insulin) was ~10% of the total
radioactivity. Nonspecific binding (in the presence of 10~°
M insulin) amounted to less than 15% of the total binding.

Analysis of the Binding Data

The relative receptor binding potencies of the insulin
analogue were determined by measuring the concentration
of the analogue causing half-maximal inhibition (ICs;) of
labeled insulin binding and the concentration of standard
human insulin causing the equivalent inhibition within a
single experiment. Competitive binding curves were plotted
using Graph-Pad (San Diego, CA) Prizm 3, comparing the
best fit for single-binding site models. Relative receptor
binding potency is defined as (1Csy value of human insulin)/
(ICs; value of analogue) x 100.

Crystallization

[Tyr®2NMePhe??®] was crystallized by the hanging drop
vapor diffusion method. Several attempts to crystallize the
mutant using new protocols, different from pre-established
crystallization methods for insulin, were unsuccessful. Even-
tually, crystals were obtained from drops consisting of 1 uL
of protein solution (10 mg/mL analogue in 0.02 M HCl) and
1 uL of the reservoir solution [0.1 M trisodium citrate, 0.02%
(w/v) zinc acetate, 6% (w/v) Tris-HCl buffer (pH 8.2)]
suspended over 1 mL reservoirs. Different concentrations
of phenol 0.05, 0.10, and 0.15% (w/v) were added to the
reservoir solution prior to mixing with the protein. Crystals
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Table 1: X-ray Data and Refinement Statistics

Data Processing Statistics

data collection site in-house
wavelength (A) 1.54
space group P2,

a=5990 A, b=62.12 A,
c=47.80 A, =110.6°
25.56—2.08 (2.19—2.08)%

unit cell dimensions

diffraction limits (A)

no. of observations 96148

no. of unique reflections 17496
completeness of the data (%) 88.1 (89.2p¢
Rinerge” 3.4 (12.09
llo(l) 5.7 (1.8)¢

Refinement Statistics

resolution range (A) 25.57-2.08

no. of reflections used ( Ry set) 17491 (956)

R\'rynl (ufé!-'err\:ch 18.9/25.6

no. of protein atoms/ 2475/83/2
water molecules/metal ions

rmsd for bonds (A)/angles (deg) 0.018/1.7

rmsd for main chain AB (A ) 1.16
mean B-factor (A%) 43.3/56.3/27.1/59.1/
% A, B, Lfa, b, |, p/XX/ 94 .4/4 /0.8

= Rmcr_i.',u = lUOZII = (0'-’20’) 2 Rcvy.t. = ZiFnl» = F\'aIclll';zF{-tn- Rfrcc i'5
like R.ya but calculated over 5.2% of data that were excluded from
the refinement process. © Root-mean-square deviations in bond lengths
and angles from Engh and Huber ideal values.  Root-mean-square
deviations between Bp.os for bonded main chain atoms. ¢ Mean
temperature factor for the whole molecule, main chain, side chain, metal,
and water atoms, respectively. / Percentage of residues located in the
most favored, additional allowed, and disallowed regions of the
Ramachandran plot as determined by PROCHECK (33). # Highest-
resolution shell statistics given in parentheses.

grew in all wells within 1 week. They belong to the P2,
space group with one hexamer in the asymmetric unit
(Matthews coefficient of 2.38 Da A2, solvent content of
48%).

X-ray Crystallography

Data Collection. As the crystals were found to be
extremely sensitive to changes in the crystallization environ-
ment, flash-cooling experiments were unsuccessful. There-
fore, a 2.08 A resolution data set was collected at room
temperature from a crystal mounted in a quartz capillary tube
on in-house X-ray equipment (mar345 Image Plate Detector,
Nonius FR 591 generator) using Cu Ko, radiation. All data
were integrated and reduced using MOSFLM (25). X-ray
data collection and processing statistics are summarized in
Table 1.

Structure Determination and Refinement. The insulin
coordinates of Protein Data Bank entries 1EVR and 1EV6
(26) with the water molecules removed were used as models
in a preliminary search in MOLREP (27). Slightly better
results were obtained with 1EVR, which was subsequently
used in final search in AMoRe (28) (used here due to its
more powerful rigid body refinement tool) to determine the
structure by molecular replacement. Final restrained and rigid
body refinements were performed with REFMACS (29)
employing maximum likelihood procedures. NCS restraints
were not imposed during any stages of the refinement. Water
molecules were located using ARP/warp (30). Successive
rounds of refinement using all data between 25.57 and 2.08
A, in conjunction with manual rebuilding, gave a final model
with an R, of 18.9% and an Rg.. of 24.9%. The final model
comprises 2409 protein atoms, two metal atoms, and 83 water
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Table 2: Values of ICs” and Receptor Binding Affinities’ of
[nsulin and the [Tyr***NMePhe®*¢] Insulin Mutant

ligand ICsp = SEM (nM) n potency (%)
human insulin 1.83+1.18 10 100
[Tyr**NMePhe®] insulin ~ 7.82 + 1.95 4 23

“1Cso values represent concentrations of insulin or the insulin
analogue causing half-maximal inhibition of binding of ['**I]insulin to
the insulin receptor. Each value represents the mean + SEM of multiple
determinations; the number of separate determinations is shown in
parentheses. ” Relative receptor binding affinity defined as (ICsy of
human insulin)/(1Cs, of analogue) x 100. See Experimental Procedures
for details.
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FIGURE 2: Inhibition of binding of ['**[]insulin to rat adipose tissue
plasma membranes by human insulin (@) and [Tyr®>NMePheB2]
insulin (<). Values are means = SEM. See Experimental Proce-
dures for details. Quantitative information is provided in Table 2.

molecules. All model building was carried out using
QUANTA (QUANTA98, Accelrys Inc., San Diego, CA).
Programs of the CCP4 suite (3/) were used during the
structure solution and refinement. A summary of the refine-
ment statistics is given in Table 1. Superpositions of
[TyrP25NMePhe??¢] and insulin and hIGF-I were carried out
using QUANTA with the insulin [B9—B19] helix ({B8—
B19} of IGF-I) as the main template. Figures 3 and 5 were
produced using MOLSCRIPT (32), and Figures 4, 6, and 7
were created using QUANTA. The atomic coordinates of
the final model have been deposited in the Protein Data Bank
as entry 1W8P.

RESULTS AND DISCUSSION

Biological Activity of the [Tyr® NMePhe®°] Mutant. The
insulin receptor binding affinity of [Tyr®*NMePhe®*] insulin
is only 25% of that of human insulin (Table 2 and Figure
2). Previous studies of the replacement of Phe®* with
tyrosine have already shown a small decrease in the binding
potency (/2). The substitution of the hydrogen atom oftl:ne
amide nitrogen with an N-methyl group in [Tyr®NMePhe®*]
insulin eliminates its ability to form one of the /-strand
hydrogen bonds required for dimer formation. However, the
retention of full receptor affinity by despentapeptide®*~#
insulin-B25-amide (34, 35) suggests that this hydrogen bond
is not crucial for interaction with the insulin receptor (&),
although the potential involvement of the [B25] amide group
in this insulin bond in forming a hydrogen bond with [A19]
cannot be ruled out.

The C-terminus of the B-chain of insulin is extremely
sensitive to any conformational alteration of the backbone.
Studies on insulin with [B24—B25/B25—B26] peptide bonds
replaced with an ester bond (36, 37) or a methylene group
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(38) showed extremely low receptor binding affinity, which
could indicate a very high flexibility of this part of the
molecule, which may cause its inability to be stabilized in
an “‘active” conformation. The roles of [B25] and [B26]
amides are likely to be substantially different as methylation
of NH[B26] in destetrapeptide®’ 5 insulin-B26-amide
(DTIA) does not significantly affect its ability to bind to a
IR or its biological activity, while [NMeB25]DTIA variants
retain no more than 2.3% of the potency of human insulin
in in vitro studies (/7). On the contrary, the N-methylation
of the [B26] peptide in DTIA associated with [B26]Tyr —
His substitution gives rise to a potency of 5250%, yielding
the most potent insulin ever obtained (/7). Hence, the 25%
potency of [Tyr®>*NMePhe®?¢] is more likely to result from
the converging and mutual effects of both the [Phe? — Tyr]
swap and the NMe[B26] methylation than from a particular
single modification.

The discussion of these differing results will follow here
a more detailed description of the [Tyr®NMePhef*]
structure and the conformational changes found in the crystals
of this mutant insulin.

Insulin, [Tyr® NMePhe®*°], and IGF-I Structural Rela-
tionships. In the discussion below, we analyze the structural
relationships of the molecules (here termed xz forming one
of the dimers of [Tyr®NMePhe??] with (a) its structural
equivalents (XZ) from the monoclinic human insulin {for
simplicity, here termed Wild Type, WT [PDB entry 1ZNIJ
(39)]} and (b) the single molecule of hIGF-I [PDB entry
IGZR (4)]). This particular (1ZNJ) insulin structure was
chosen for a more detailed comparison because of its high
degree of similarity in crystal packing with
[Tyr82°NMePheB?] (a = 59.90 A, b = 62.12 A, ¢ = 47.80
A, and B = 110.6° for [Tyr®*NMePhe?%] vs a = 61.23 A,
b=161.65A,c=4805A, and § = 110.5° for insulin), to
minimize the bias that could result from different interhex-
amer contacts. In addition, the 1ZNJ insulin model was also
probed in the molecular replacement searches, giving solu-
tions very comparable to the other models. The comparisons
result from the alignments of these structures using part of
their B helix, [Ser9]{Ala8}[Vall8]{Vall7}, as a template
(Figure 3).

The structure of [Tyr3*NMePhe®*®] in this crystal is
similar to that of the R6 insulin with three dimers assembled
into a hexameric 32 organization. There are two zinc ions
on the 3-fold axis, each tetrahedrally coordinated to three
histidines and one water molecule. The formation of the R6
hexamer in [Tyr®NMePhe?%%] was likely to be due to the
presence of phenol in the crystallization medium. Six phenols
in the structure form hydrogen bonds, one to the carbonyl
oxygen of [A6] and the other to the peptide nitrogen of
[Al1].

Inspection of [Tyr®NMePhe®?*] and WT hexamers
(Figure 4) showed that the structural differences are not
evenly propagated throughout these assemblies. However,
the differences have local character and concern mostly the
subtle changes of the conformation of the C-terminal part
of the B-chain (the overall rmsd between the dimers of the
mutant was less than 0.1 A). All main new structural features
such as CO*?—=NHA" hydrogen bond were fully preserved
in all dimers (e.g., the length of this interaction varied from
2.79 A, through 2.95 A, to 3.1 A). The xz dimer (equivalent
of AB and CD chains in the PDB file) that exhibited the
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FIGURE 3: Stereoview of the main chain structure of [Tyr®>*NMePheP?] molecules [blue (x) and red (z)] superimposed on the [B9—B18]
helix, with the hIGF-I structure in green (see Figure 4 for the definition of x and z).

FIGURE 4: Comparison of the [Tyr#NMePhe"?%] hexamer with the wild-type monoclinic insulin structure [a certain nonstandard projection
(3-fold hexamer axis not perpendicular to the plane of the figure) has been chosen to visualize differences in hexamer packing]. The
molecules and dimers that are discussed in the text in more detail are marked as xz for [Tyr®>*NMePhe®*°] and XZ for the wild-type insulin;
A and B refer to A- and B-chains, respectively, of insulin. The arrows show the direction of movements within B- and A-chains (divergent

stereo).

highest degree of conformational changes was used for
further comparisons with its XZ equivalent from the WT
crystal.

As both molecules of the XZ dimer of the WT structure
are virtually identical (average rmsd on Cat atoms of ~0.13
A) only one comparison, with the X" molecule, has been
carried out.

Comparison of the [Tyr®?> NMePhe5°] x Monomer with
the X Molecule. The overall structures of the x and X
molecules (Figure 4) are very similar, with the rmsd for Ca.
atoms being 0.31 A. The conformations of practically all of
the side chains of the N-terminus and the a-helix of the
B-chain are very alike, with the rings of [B1]Phe, [B16]Phe,
and [B24]Phe being virtually fully superimposable. Surpris-
ingly perhaps, the methylation of the nitrogen atom from
the peptide bond of Phe2® does not produce any perturbation
of the main chain in the x molecule.

The position of the new [B25]Tyr side chain is well-
defined in the electron density map (Figure 5). It is situated
between two alternative conformations of [B25]Phe found
in the X molecule. The phenyl rings of the new [B26]Phe
and WT [B26]Tyr occupy similar positions, wedged
between [B12]Val and [B28]Pro. However, [B26]Phe of
[Tyr®2NMePhe?2] has moved into the protein core by ca.

FiGURE 5: Electron density [1o level (blue) and 0.5¢ (purple)] of
the [B22—B27] region. The position of methyl group present in
the [B25]—[B26] peptide bond is marked with the red asterisk:
residues are shown in stick representation with nitrogen, oxygen,
and carbon atoms colored blue, red, and yellow, respectively.

I A (Figure 6). As the phenyl ring of [B26]Tyr sits in a
fully hydrophobic environment in the WT molecule and is
not (cannot be) engaged in any hydrogen bonds, this small
displacement probably reflects more favorable surroundings
for the new benzene side chain of [B26]Phe. The largest
differences between the C-termini of the B-chain in x and X
molecules (1.74 A) are at the [B28]Pro Ca atoms, but the
overall conformations of the B-chains here are very alike.
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FIGURE 6: Stereoview (divergent) of C-terminal parts of the B-chain of x (blue), = (red), X (yellow), and hIGF-I (green) molecules. Blue
and red asterisks are located next to the methyl groups of N[B26]; the green arrow shows the direction of the C-loop in hIGF-I.

The Al helices in molecules x and X are almost identical.
The A2 helix in molecule x shows small displacement toward
the Al helix of molecule X, reflected in the 0.63 A distance
between the Ca positions of A19 tyrosines. This movement,
resulting also in stronger hydrogen bonding between [A19]Tyr
and [A5]GIn (2.27 A), is more pronounced in the z molecule.

Comparison of the [TyrP NMePhe®?®] z Monomer with
the x, X, and Z Molecules. In contrast to the x molecule, the
z molecule of [Tyr®*NMePheP*] insulin shows some
interesting structural changes. First, the [B9—B18] a-helix
overlaps less with its x, X, and Z counterparts (e.g., N-termini
[B1]Phe residues are displaced by ca. 2 A). The changes in
the C-terminal part of the B-chain are already initiated at
the beginning of its 3-strand, and the position of the Cat atom
of [B23]Gly deviates by 0.67 A from that in its WT site.
The [B24]Phe Co atoms are also displaced, by 0.67 A, while
their phenyl rings occupy the same position. The maximum
displacement of the main chain from its WT conformation
in the z molecule occurs at the site of [B25]Tyr; its Ca atom
is 1.87 A from the WT position. As Figure 6 shows, the
phenyl ring of [B25]Tyr is located between the alternative
positions of this side chain found in molecules X and Z but
opposite in direction to that seen in the x molecule.

Because of the large repositioning of its Ca atom, the
phenolic ring of [B25]Tyr acquires a conformation almost
perpendicular to the plane containing all of the [B25]
aromatic rings in other insulin molecules (Figure 6).

The perturbation of the remaining part of the z molecule
main B-chain continues further toward its C-terminus (by
ca. 1 A), but the side chains of [B26]Phe, [B27]Thr, and
[B28]Pro maintain conformations similar to their x, X, and
Z conformations. The methyl group is approximately 0.9 A
from the main chain of [B26]Phe. It is interesting that the
overall changes of the C-terminal part of the B-chain and
the general route of its displacement are not toward the
“outer” side of the insulin molecule but are pushing the
[B23—B29] polypeptide more toward the core of the insulin
molecule and its A1 and A2 helices (see Figure 4). It is also

interesting that these changes are coupled with a significant
shift of the Al helix toward the C-terminus of the B-chain,
with the maximum displacement along the axis of the helix
at the [A3]Val position (1.15 A). This rearrangement puts
[B29]Lys in close van der Waals contact with the [A1]Gly
terminus. These changes are opposite to those resulting from
the N-methylation of the [B26] nitrogen atom and the [B25—
B26] Phe <> Tyr swap. Thus, the overall structural changes
not only do not increase the mobility of the B-chain but also
bring about an overall contraction and increased compactness
of the insulin molecule.

Comparison of the Dimers and Hexamer of [Tvi?** NMe-
Phe®?] and Human Insulin. The comparison of the dimers
and hexamers 1s a complicated matter, and for simplicity, it
involves here only the deviations in the region of the structure
that is most affected by the introduction of the methyl group,
1.e., those corresponding to the [B21—B29] polypeptides. The
introduction of the methyl group provokes a displacement
of these peptides away from the WT insulin position and
toward the core of the molecule. However, this displacement
is not the same in all of the dimers of the hexamer. As a
measure of the displacement, we found that the distance
between the Ca atoms at position 25 is greater for L25 and
J25 (6.41 A) followed by B25 and D25 (6.35 A) and F25
and H25 (6.02 A) (where B to L is the chain numbering in
the final PDB file). In WT insulin, the corresponding
distances are 4.38, 4.16, and 4.28 A, respectively. The
increased lengths of the new distances provoke the breaking
of the intermolecular -sheet in our structure (Figure 7). Only
one of the four CO—NH hydrogen bonds of this -sheet is
almost preserved in the z molecule [CO—N, 3.43 A (2.99 A
in WT)] at the [B26°—B24"] contact. The three remaining
main chain—main chain hydrogen bonds are broken: [B26°—
B241], 4.09 A (2.63 A in the WT); [B24(CO)Y—B26'], 4.42
A (2.57 A); and [B24(NH)'—B26'], 4.46 A (3.00 A).

Comparison of the [Tyr®’NMePhe®°] x and z Monomers
with Human IGF-1. 1t was assumed that the methylation of
the [B25] N peptide bond atom and the swap of [B25]Tyr
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FIGURE 7: Effect of methylation (CH; marked with an asterisk) of
peptide nitrogen atom of residue [B26] on the dimer/monomer
hydrogen bond network: wild-type insulin (R-state) (XZ molecules)
in yellow and [Tyr®NMePhe®?] (xz molecules) in magenta.
Distances in angstroms indicate the separations between the CO
group of [A19] and the NH group of [B25]; the new [A19]—[B25]
hydrogen bond in [Tyr®2NMePhe®?¢] (2.7 A), typical for the T-state
insulin and hl1GF-l, is colored red.

and [B26]Phe for the typical IGF sequence of Phe and Tyr
might produce a bend or distortion of the main chain at the
[B26]{B25} Ca position, as seen in the IGF-I structure
associated with its unique C-loop. Although this conforma-
tional change does not occur in [Tyr®>*NMePhe®%], the
position of the [B26]Phe Ca atom in the z molecule is
nonetheless halfway between insulin-like and 1GF-I-like
conformations (Figure 6). One of the consequences of this
motion is the introduction of a new hydrogen bond between
the CO group of [A19] (one of the key residues for receptor
binding) and the NH group of [B25] (2.79 A), which also
occurs in the hIGF-I (2.99 A) structure but not in R-state
molecule x (4.48 A) or in molecules X and Z (3.81 A) of
insulin (see Figure 7) (the CO*'—NHB% distances in two
other dimers of the mutant are 2.95 and 3.1 A, respectively).
This hydrogen bond (length usually in the range of 2.79—
3.39 A) is one of the characteristic structural features typical
for T-state insulins and is adopted in [Tyr®**NMePhe®*]
R-like hexamers by half of the protein molecules. In h1GF-
I, this hydrogen bond is linked with other strong interactions
between the C-terminus of the A-chain and the terminal
fragment of the B-chain, and contributes significantly to the
stabilization of the carboxyl part of the A2 helix, the
conformation of the B-chain, and the rigidity of the C-neck
region. It is tempting to see the emergence and strengthening
(shortening) of the PheB?—Tyr*!” hydrogen bond as one of
the potential sources of lower receptor affinity of the
[Tyr®NMePhe??¢] mutant due to interference of this
interaction with the conformational rearrangement of this
region that is required for an effective receptor binding.
Although the B-chain in the z molecule does not bend in
an IGF-I-like fashion, it seems that its distortion, due to the
methylation of the [B26] N atom, leads to an even more
stable conformation of this part of the molecule. This is in
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contrast to other insulin mutants, where modifications of the
B-chain usually lead to higher mobility and local disorder
(7-9).

In addition, the shift of the Al helix in the z molecule
parallels the overall shift of the Al and A2 a-helices seen
in hIGF-I. Although the key role of the IGF-I C-loop in
generating compactness and rigidity of the region is clear, it
is interesting that hIGF-like Phe <= Tyr swap at positions
[B25] and [B26] and the methylation of the N atom of the
residues at position [B26] have resulted in a more compact
(IGF-like) structure in the insulin molecule.

To summarize, the [B25]Phe < [B26]Tyr swap, coupled
with the introduction of a methyl group on the [B26]N
atom, has produced modest but significant changes in the
C-terminal part of the B-chain. They result in a movement
of the [B23—B29] polypeptide toward the core of insulin
and its Al and A2 helices, which is associated with a
significant shift of the Al helix toward the C-terminus of
the B-chain. These changes do not produce the expected bend
of the main chain at the [B26] Co atom in hIGF-I-like
fashion, but the fold of the mutant undergoes restructuring
in that direction, resulting in an overall contraction of the
molecule and the break of the main chain hydrogen bonds
within the dimer. These results also support the observation
that methylation of the [B26] peptide bond is not crucial for
the insulin function and that the chemical character of the
side chain [e.g., [B26Tyr — His] (/1)] but not of the main
chain (after [B26]) is more important for insulin potency.

The combination of chemical and sequence modifications
in the [Tyr®*NMePhe®?¢] mutant illustrates the plasticity of
the insulin molecule. In a general sense, it is interesting that
the steric pressure introduced into the hexamer by the
N—CHj; bond at position [B26] has been accommodated by
a similar adjustment within each of the 3-fold related dimers,
and the 3-fold symmetry is thus well preserved. However,
the adjustment does not reflect the local 2-fold symmetry; it
moves only one main chain segment away from the 5-sheet
structure, With this, the NH®*—COA" hydrogen bond, a
feature of the T-state (the free dimer and two-Zn hexamer)
insulin and hIGF-I, is restored. Similar heterogeneous
responses of insulin aggregates to nonstandard modifications
described here have also been observed in allo-1le[A2] (40),
where chiral perturbation was accommodated differently in
T- and R-state insulin cores.

Our results indicate again the sophisticated complexity of
the insulin molecule, which despite its very limited size, is
capable of the accommodation of significant challenges
coming from the chemical modifications of primary and main
chain structures despite restraints of the hexamer assembly.
The more unambiguous insight into the insulin—IGF-I
structural relationship still requires further research, including
the addition of more IGF-like sequence (e.g., [B28]Pro
[B29]Lys swap) to the [Tyr®**NMePhe®?] mutant. This may
provide some evidence about whether the [B28] <= [B29]
residue swap, which has been shown to cause the mono-
merization of insulin (47), will be capable of promoting the
hIGF-like conformational distortion of the B-chain of the
insulin polypeptide.
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Regular arrangement of periodates bound to

lysozyme

The structure of tetragonal hen egg-white lysozyme soaked in
a periodate solution has been determined to a resolution of
1.8 A. Four high-occupancy periodate positions have been
identified on the basis of the anomalous signal of the I atoms.
The four periodates exhibit a regular rectangular arrangement
on the surface of the lysozyme molecule. No similar regular
arrangement was found either in lysozyme crystals soaked in
other heavy-atom anions or in other structures from the
Protein Data Bank. Depending on their position on the
surface of the protein, the periodate ions deviate to a varying
extent from ideal octahedral geometry.

1. Introduction

Many complexes of proteins with inorganic oxoanions can be
found in the Protein Data Bank (PDB). As of January 10, 2005
there are complexes of proteins with sulfates (2960 entries;
PDB chemical component ID SO4), nitrates (70 entries; 1D
NO3), phosphates (804 entries: ID PO4), carbonates (81
entries; 1D CO3) etc. Only 63 PDB entries containing heavy-
atom oxoanions have been found (Table 1): 31 for vanadate
(IDs VO3, V40, V70, VO4), 21 for tungstate (ID WO4), eight
for molybdate (ID MOO), two for perrhenate (ID REO) and
one for selenate (ID SE4); no entries were found for bromate,
tellurate or periodate. In the Heavy Atom Databank, only
sodium perrhenate and tungstates are mentioned.

The chemistry of protein-heavy atom complexes in which
the heavy atoms comprise inorganic oxoanions has as yet been
little studied. Some of the abovementioned heavy-atom anions
have a simple and regular shape: perrhenate and selenate are
tetrahedra, bromate is a deformed tetrahedron and tellurate
and periodate are octahedra. In addition, vanadate, tungstate
and molybdate can polymerize. The structure of the resulting
polymeric anion depends strongly on both the local pH and
the surface contour of the protein. In the protein crystal,
polymeric ions can be formed that may differ from those
present in solution. Thus, new inorganic compounds may be
obtained inside protein crystals (Ondracek & Mesters, 2002).
Similarly, the protein surface may stabilize intermediates and
catalyse chemical reactions.

Anomalously scattering heavy atoms can also be exploited
for experimental phase determination. Recently, the quick
soaking of protein crystals with a solution containing 0.25-
1.0 M Br~ or I~ was proposed as a new and universal method
for protein phase determination (Dauter & Dauter, 1999,
2001: Dauter et al., 2000, 2001). Bromine has an absorption
edge at 0.92 A and is therefore suitable for MAD analysis
(Hendrickson & Ogata, 1997). With Af’ = 128e” at A =
1.54 A. it can be used successfully for structure solution by
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Table 1
Protein structures containing selected heavy-atom oxoanions as found in
the PDB as of January 10, 2005.

Oxoanion PDB code No. sites Resolution (,5\]
Selenate SeO;~ liga 2 22
Perrhenate ReO3~ lhnu 2 2.1
1k4) 7 2.5
Molybdate MoO} 1h9m 8 1.6
1h9s 2 1.8
lam{ 1 1:7
leo 3 24
lgun 8 1.8
lguo 8 2
1h%) 2 1.8
lo7l 5 28
Tungstate WO}~ 3kbp 4 3.0
ledp 1 20
ldko 1 24
lgug 16 1.6
1h%r 2 1.9
1lgp 1 2.0
Ifez 2 3.0
1fr3 16 1.5
1h9k 4 1.8
2ush 4 22
latg 1 1.2
1bys 1 2.0
lckj 5 2.5
lews 1 2.0
119k 2 2.1
lwod 1 1.8
Lytw 1 24
2hnq 1 28
Imu7 2 2.0
1ohd 2 1.9
1u7p 2 1.9
Vanadate V,0f; (V40) 17 2 32
luiz 1 1.9
Vanadate V,0}; (VO3) 1¢59 1 13
Vanadate V,0j5 (V70) 1dkt 1 29
Irxs 20 2.8
Vanadate VO]~ (VO4) 1bob 2 2.1
lvnc 1 21
3mt 1 1.8
1df 2 42
lidg 1 20
lidu 1 2.2
Irpt 1 30
1q19 2 2.1
1591 2 1.9
1vnf 1 24
lvne 1 2.2
lvng 1 22
1lvom 1 1.9
lvmi 1 22
lvnh 1 2.1
1lkx 4 3.0
Imu?9 2 2.1
Inop 2 2.3
lovi ] 2.5
Irif 2 1.7
Irfi 2 2.2
Irgl 2 2l
luzi ; 1.89
1rg2 2 21
IrEl 2 20
lrgu 2 27
Irho 2 23

SIRAS (Dauter & Dauter, 1999). lodine, with Af" =6.84 ¢ at
. =1.54 A has been used successfully for structure solution by
SAD (Chen et al., 1991). The use of 1™ was extended recently

—_— e T

Table 2
Data-collection and processing parameters.

Values in parentheses correspond to the last resolution shell.

Unit-cell parameters

a(A) 77.03
c(A) 37.12
Wavelength 1.54178
Crystal-to-detector distance (mm) 100
Resolution (A) 99.0-1.83 (1.88-1.83)
No. images 2 x118
Exposure time per image (s) 900
® rotation per image (%) 1
Completeness (%) 99.3 (99.3)
No. unique reflections 10310
No. unique reflections, F > 40(F) 9837
Reerge (%) 7.3 (15.6)
Ronom (%) 6.0 (8.3)
Ha(l) 6.6 (4.4)
Redundancy 15.9 (15.7)

by the use of I; (Evans & Bricogne, 2002). The study has been
expanded to include lanthanides (Nagem et al.. 2003) and
uranyl compounds (Djinovic Carugo et al., 2005) and may also
be applicable to heavy-atom oxoanions.

This study is a contribution to establishing a relation
between the size, shape and chemical properties of the various
heavy-atom oxoanions and their binding modes to the
proteins. In addition, it may be possible to exploit the anom-
alous signal for the determination of new protein structures.
The structure and binding mode of periodate anion is the first
presented result.

2. Materials and methods
2.1. Crystal soaking

Tetragonal crystals of lysozyme (lysozyme chloride from
egg white, dried; Roanal, Budapest, Hungary) of size 0.1-
0.2 mm grown by the hanging-drop method from 50 mM
sodium acetate pH 4.5, 1-1.2 M NaCl were used for this study.
Lysozyme crystals were soaked at room temperature for 5 min
in solutions made up from one part of aqueous saturated
NalO, and 11, five and two parts of 50 mM acetate pH 4.5 and
then for 15 min in a solution made up from two parts aqueous
saturated NalO, and one part 50% PEG 2000. Before flash-
cooling, crystals were briefly immersed in paraffin oil.

2.2. Data collection and refinement

Diffraction data were collected on a Cu rotating-anode
generator (FR591, Nonius, The Netherlands) operated at
50kV and 80 mA equipped with an cold nitrogen-stream
generator (Oxford Cryosystems, UK) at 150 K and a MAR
imaging-plate detector (MAR345, X-ray Research, Germany).
The inverse-beam technique was used for data collection. The
raw data were integrated using DENZO (Otwinowski &
Minor, 1997) and scaled using SCALA from the CCP4 suite
(Collaborative Computational Project, Number 4, 1994) using
the SCALA-Det scaling protocol as described in Mueller-
Dieckmann et al. (2004). Further data reduction and refine-
ment of the structure were carried out with other programs

2 Ondrdcek et al. + Periodates bound to lysozyme
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Table 3
HipHop refinement parameters.

The values given are for reflections with F > d4a(F).

Refinement Input 1 2 3 4 5

R, full data (%) 17.35 1563 1549 15:79: S 15571 15,78
R (90% set) (%) 16.89 1538 1541 1548 1528 1552
Riee (10% set) (%) 244 21.8 23.2 224 219 221
wi, full data 4353 3908 3949 3953 39.00 3947
§, full data 2.98 2653 2676 2679 2646 2.671
Walers 155 185 176 176 185 173
Riee — R (%) 755 6.4 7.8 6.9 6.6 6.6
Table 4

Bond lengths (e‘;u) in periodate I_A and possible hydrogen bonds (;&}.

The bond lengths in the peniodate [_A correspond to the structure [I{(HOJ,04] .

Refinement 1 2 3 4 5 6 7 8

1-01 140 158 158 157 165 152 162 152
1-02 196 201 204 194 185 19 207 197
1-03 191 189 187 174 176 188 189 177
1-04 1.78 187 184 177 18 179 175 180
1-05 166 167 165 160 151 174 170 168
I—-06 1.80 188 188 183 18 180 188 185
01---Asn93 OD1 339 326 328 348 341 331 309 317
01---Asn93 ND2 360 337 332 348 319 348 335 328
02.--His15 ND1 287 268 261 272 259 276 256 274
02---Argl28 NH2' 270 287 301 29 329 279 269 250
03 - -Hisl5 ND1 327 327 298 311 331 263 263 283
04 -Lys96 NZ 345 345 339 347 348 347 336 342
04.--Argl28 NH2' 252 246 258 256 258 263 257 255
04 -His15 0 366 357 356 364 355 379 373 359
06---Hisl5 O 340 336, 332 322 327 330 338 335
06 - -His15 ND1 327 327 333 341 329 339 339 335
06 -Asn93 ND2 283 275 281 28 29 288 280 281
Of- - Lys96 NZ 360 361 346 334 354 338 324 344
01-- -water 1173 - - 330 — 271 — — 330
O1-- -water1179 - — — - - - — =

03- - -water 1179 - — - - = - = =

t Symmetry code: (i) —y, —x, { -Z

from the CCP4 suite. Unit-cell parameters, data-collection
details and statistics are given in Table 2.

The PDB entry lhel (Wilson et al., 1992) without solvent
molecules was used as the starting model for structure deter-
mination. For preliminary refinement, the conjugate-gradient
algorithm (CGLS) was used as implemented in the program
SHELX97 (Sheldrick & Schneider, 1997). After determina-
tion of the whole structure of lysozyme and the positions of
periodates and nearly all waters, the full-matrix (least-squares)
refinement was also used. The parameters of this refinement
are given in Table 3 in the ‘input’ column.

Although the reliability parameters for the preliminary
refinement appear to be satisfactory for the resolution, it was
impossible to determine the individual iodine-oxygen
distances in the periodate structures. The structure was
therefore re-refined using the HipHop refinement method
(Ondracek, 2005: Ondracek et al., 2005; http://www.img,.cas.cz/
hiphop). A paper with further details of HipHop is currently
in preparation (Ondracek et al., 2005).

Briefly, in the ‘Hip’ step 150 maxima in the difference
Fourier synthesis were filled with water molecules pmvidcd
they fulfilled the geometrical criteria for water molecules. The

6 7 8 9 10 Mean (e.sd.)  Average structure
1579: 1533 15680 1577 - 1567 1572 (7) 15.31

1543 1545 1542 1554 1536 1543 (7) 15.03

22.6 222 21 221 21.9 222(4) 21.0

A0S IS B0 30 NS0 IS BRI OR T (19) -

2677 2677 2661 2671 2659  2.668 (11) -

172 170 175 178 178 177 (5) =

7.2 6.8 6.7 6.6 6.5 6.8 (4) 6.0

‘Hop’ steps were run five times and
waters not fulfilling the ball shape or

9 10 Mean criteria of density greater than 0.09,
148 152 1s4( 013, 018, 023 and 025e” A~ were
201 189 197 (6) gradually removed. Every Hip and
;'g‘; :-22 :g‘l‘ :2: every Hop step was followed by 1000
174 165 166 (6) cycles of CGLS in SHELXH.

1.86 182 1.85(3) During the preliminary HipHop
331319 329(11)  cycles the structure was inspected and
345 334 339 (11) : . .

278 291 272(11) some side chains were reoriented
252 252 278 () manually. In this way the static disorder
265 268 294(27)  p [leS5, Asn77 and Lys97 and the
347 350 345 (4) : : ; ; :

250 252 256 (4) different side-chain orientations of
368 361 364 (7) Leu83 and Vall09 were found. After
334 354 353 (9) stabilization of the model, the final ten
333 332 334(5) S -

281 278 282 (4) cycles were run and statistics of HipHop
343 357 346 (11) refinement were calculated.

it 1_1? 310(28) Table 3 shows the final refinement
I} 391 X results of the final ten HipHop cycles

and their mean values. In the column

‘Average structure’ crystallographic

(vector structure factors) averages of all

ten structures are given. In the multi-
conformer PDB entry lhc0 the single structures are labelled
by different MODEL numbers.

2.3. Structure comparisons

Three-dimensional structure superpositions were carried
out using the program LSQKAB (Collaborative Computa-
tional Project, Number 4, 1994). Since the HipHop refinement
protocol yields an ensemble of ten models describing the
refined structure, the values for the superpositions given are
average values over all ten structures.

3. Results
3.1. The overall structure of lysozyme

The global refinement parameters (Table 3) are comparable
in quality with the parameters for other published structures
of native hen egg-white tetragonal lysozyme (Table 9). The
three-dimensional structure of lysozyme is very similar to
other published hen egg-white lysozyme structures. A
comparison of the ten models generated by HipHop refine-
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Table 5 ;
Bond lengths (A} in pertodate I_B and possible hydrogen bonds (A).

The bond lengths in the periodate I_B correspond to the structure [[{(HO)s0].

Refinement 1 2 3 4 5 6 i 8
1-01 159 161 156 160 164 163 166 172
1-02 181 189 188 185 188 184 183 184
1-03 192 198 201 19 1.8 197 19 195
1-04 1.99 195 200 198 190 207 202 1.98
1-05 197 202 199 201 202 197 206 207
1-06 188 208 210 19 191 184 19 199
01 - -Glu7 OE2' TSN S TR 205 2068 25 2650 258
Ol:--Argld NH2 249 249 249 249 249 250 249 249
02 - Tle88 N 283 284 286 291 2% 291 292 298
02- - -Ser86 O 339 332 335 336 332 333 333 330
03- - -His5 NE2 c hyy I s B el B B s e B By L e e N e |
04- - -Glu7 OE2 354 344 338 346 354 358 351 348
0O4.--Asp870OD1 369 369 364 365 369 364 359 364
04---1_F 02 241 238 253 249 256 237 246 251
O5---Argld NH2 320 329 332 322 327 324 335 337
05-- ‘His15 NE2 279 284 290 283 278 282 287 279
05---AspB70D1 29 278 269 280 283 293 287 289
05 1le88 N 348 347 349 354 350 357 343 351
O1- - -water 1080 275 284 285 28 292 293 299 302
O1---water 1064' 345 354 349 351 349 347 351 352
02 - -water 1181 290 278 279 273 266 273 278 275
03. - -water 1080 235 233 232 230 253 249 260 253
06- - -water 1064 283 247 253 263 282 286 270 263
Of- - -water 1064 309 329 329 319 316 309 317 311
06 - -water 1181 267 259 251 254 256 260 278 286

t Symmetry code: (i) -y, —x, } — z.

Table 6 : g
Bond lengths (A) in periodate_C and possible hydrogen bonds (A).

The bond fengths in the periodate correspond to the structure [I[(HO):0:]"~.

Refinement 1 2 3 4 5 6 ) 8
1-01 1.68 160 164 164 164 161 159 156
1-02 1.56 140 145 146 149 151 148 138
1-03 203 203 204 206 204 207 202 206
1-04 192 1.8 197 185 19 193 183 198
1-05 166 171 »1:64 158 + 155+ 141 171 X67
1-06 207 213 202 208 200 211 219 208
Ol---Arg68 NH1" 317 317 314 323 317 312 316 3l6
03 -Gluds 0 265 266 272 266 268 262 258 257
03 Asndd ND2 276 274 276 27 271 272 279 275
05: - -Asnd4 OD1 330 324 336 345 350 354 330 331
05 - -Asndd ND2 288 287 289 289 304 294 287 1285
O5---Argd5 NH2' 300 296 299 300 306 319 289 299
O5---ArgéB NH1" 361 351 343 363 356 3.9 358 350
06 - -Ser36 O 353 337 337 332 339 32 313 32l
06 - -Asn3T N 345 333 340 337 338 331 324 334
01 - water 1024 266 28l 265 263 268 277 278 282
02 - -water 1039 348 330 3170 3230337 329 355 340
02 -water 1094 357 356 349 357 330 329 345 369
03 -water 1094 394 393 381 390 364 354 355 394
05 - -water 1067 260 267 271 268 263 273 250 259
06 - ‘water 1039 275 283 285 298 300 312 333 319
O6: - -water 1024 360 359 348 349 354 350 341 349
t Symmetry code: (i) y, x, 1 — 2

ment yielded r.m.s. deviations in the range of the expected
coordinate error of the structure (Table 9).

The static disorder of Argl4 and the dynamic disorder of
Trp62 will be discussed in detail in the paper describing the
basis of HipHop refinement (Ondracek et al., 2005). Other
cases of disorder were observed for Lys97, Asn103, Arg2l and
Argl25. These and the side-chain disorder observed for [le5s,

4  Ondrizek et af
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Asn77 and Lys97 were not present in
PDBentry lhel, which was used as the
starting model for refinement. Further-

9 {0 Mo more, PDB entry 1lhel significantly
_ differs from our refined model in the
;;3 ::B?i :g‘;‘ :g; side-chain orientations of Lys13, Arg21,
1.92 1.96 1.95 (4) Asn59. AIgﬁ]. Trpﬁz, 83786, LysQ';',
1.99 202 199 (4) Asnl03 and Argl25.
f'{‘)'; f'g“’s fgﬁ E;; In PDB entry ldpx, the disorder
2:59 2:43 zl_(-,g“{]) observed for Argl4d (atoms NE, CZ,
250 250 249(1) NHI1 and NH2) differs from that found
i‘;: 12‘: ';’_'21 g: in our final ten models (only the CG and
373 362 370(5) CD atoms are disordered; the
349 342 348(6) remaining atom positions are again
_1’1'1 ;2; ;22 :i; similar). The disorder for Lysl NZ
331 326 328(5) observed in 1dpx was not found in our
277 230 281(5) models. The disorder of Asn77 deter-
i?}l i{;g ‘:Ef,’ % mined in 1dpx is practically identical to
302 316 293(11)  that found in the first steps of HipHop
351 ST 5 502 refinement.
i;g EZ% i'zg E??’) No disordered residues were
571 265 268(12) observed in ljis and 1Iz8. In 1jis, the
326 317 3B (7) orientation of Argl4 is identical to that
LI 2SI ) found in one set of our models, the
orientations of Ile55, Asn77 and Lys97
are similar and the orientations of
Arg2l, Asnl03 and Argl25 are
different. In 11z8, the orientations of
Ile55 and Asn77 are identical with that
found in one set of our models, the
9 10 Mecan 2 5
orientations of Arg2l, Lys97 and
165 156 1.62(4) Argl25 are similar and the orientations
_"3; i:g L;: :;; of Argl4 and Asnl03 are again
192 195 192(5) different.
146 167 161 (10) More interesting is the comparison
2?; g'?:‘ 3“:: {{:)} with the high-resolution structure liee
256 256 263 (5) (resolution (.94 A). The disorder
275 271 274(3) observed for Ile5S, Asn77 and Lys97
:‘;: ;‘;3 ;;? }l?] found and refined during HipHop
311 299 3.02(8) refinement in our model is almost
354 357 356(7) identical to that found in liee. The side-
:ij :fi ::: E:)”‘ chain orientations for Asn59, Ser86 and
271 294 275 (9) Lys97 in our models are identical to one
340 334 332(11) of the multiple side-chain conforma-
::‘} :f: :;:::;; tions in liee, while the side-chain
280 254 265 (9) orientations for Lys13, Argl4, Arg2l,
310 341 303 (17) Arg6l, Trp62, Asnl03, Argl25 and
341 348 351 (8)

Argl28 differ between the two struc-
tures.

With respect to the water molecules,
a total of 291 water molecules were
found in different positions in the ten models. The average
number of waters per model is 177 (5) (Table 3). The distri-
bution of water molecules is as follows: 112 water molecules
occurred in all ten models, 18 waters in nine, ten in eight, 11 in
seven, nine in six, 12 in five, 12 in four, 17 in three, 26 in two
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Table 7 ‘
Bond lengths (A) in periodate_D and possible hydrogen bonds (A).

The bond lengths in the periodate correspond to the structure [I(HO),] .

Refinement 1 2 3 4 5 f 7 8

1-01 184 180" 179 177 77 178 182 137
1-02 1.99 201 194 183 19 188 19 1384
1-03 193 189: 1iR6 1.91: 182 .83 1R3 17§
-4 2.01 203 204 206 209 208 207 2200
1-05 L8O LBR: “1:85 . 186 102 177 195 . 1590
1-06 1.74 191 189 184 191 185 189 195
0Ol1---Glu3s OE1 280 262 L RRARL L 6K S22 65 L UXRS 262 S26T
01---Asp52 0D2 314 315 312 317 319 319 319 319
02---Alal07 O 341 334 339 344 334 339 335 342
02 --Vall09 N 2640 2,64 2690 2708274 275 125
03 - -Glu35 OE1 311 314 309 314 305 310 310 305
03-.-Glu350OE2 230 230 230 230 229 230 229 230
03 --Alal09 N 290 284 289 279 300 291 29 3.06
03-.-AlallON 289 292 298 291 298 298 297 3.07
O4---Asp520D2 232 230 230 229 229 230 230 230
05 --Glu35 OEIl 330 336 341 334 342 332 341 337
05- - -Glu35 OE2 311 3100 319 313 320 312 318 317
05---GIn57 O 320 310 3.10 307 3.05 319 303 3.03
05---Asp5S20D2 363 361 353 354 355 354 352 35l
O1- - -water 1007 2.99 3.08 3.02 3.01 3.07 3.01 3.00 3.10
O1- - -water 1146 316 — - — — — — -

O1- - -water 1168 — — - - 301 308 313
02 - -water 1169 — 251 263 266 249 — - -

02 - -water 1184 — — — - - 263 26l 2.64
03- - -water 1146 341 - - — - - — —

04- - -water 1059 220 ' 230 229 220 228 2039 230" 1229
04: - -water 1181 - — - — - 225 — —

04 - water 1184 — — - - - 3.06 312 311
04- - -water 1169 - 299 310 312 300 — - -

04 - -water 1169 - - - - - 327, 322 331
06 - -water 1146 ey — - - — — - -

O6- - -water 1168 — 289 267 278 — - - —

Of- - -water 1169 - — — - — 289 294 289
06 - -water 1168 b= = - — — 337 333 .33

and 64 in only one. The stable water-molecule content and the
limited water capacity is in agreement with our other results.

3.2. The structure of the periodate ions

Nine possible periodate positions, four maxima at the sulfur
positions of Cys6, Cys76, Cys80 and Cys115 and one for a
chloride corresponding to the chloride 205 in 11z8 were found
on the basis of the anomalous diffraction (Fig. 1). Four peri-
odates exhibited higher occupancy than 0.5. These were
termed periodates 1_A, 1_B, 1. C and I_D. After HipHop
refinement and on the basis of the static evaluation it was
possible to study their structures in detail.

The bond lengths in periodate [_A (occupancy 0.6) and the
possible hydrogen bonds to protein atoms and water mole-
cules are shown in Fig. 2(a) and the distances are given in
Table 4. The values show that two of the iodine-oxygen bonds
seem to be significantly shorter then the other four. Thus, this
structure corresponds to the formula [I(OH),0;]", with two
short I—O bonds and four longer I—OH bonds. One of the
negative charges of the periodate is in the neighbourhood of
the positively charged Argl28 of a symmetry-related molecule
described by the symmetry operator —y, =X, 1/2 =2z

Acta Cryst, (2005), D61, 0
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The bond lengths of periodate 1_B
(occupancy 0.7) and possible hydrogen
bonds are summarized in Table 5 and
shown in Fig. 2(b). Only one bond

9 10 Mean

length in this periodate differs statisti-
:;2 :;'_: :;z g‘;; cally from the others. Thus, this peri-
182 184 185(s) odate corresponds to the formula
24 202 204(3)  [(OH)sO]. This formula is also
191 191 188(5) e : :
19 186 188 (6) supported .b) its ne:ghbou_rhood, L_he
269 276 266 (4) two negatively charged side chains
314 313 316(3) Glu7 (position -y, —x, 1/2 — z) and
:;3} 132 ;’;‘: E:; Asp87 and one positively charged side
307 312 3a0(3)  chain Argl4 are close to I_B. The
2y o 3R T (1) interaction of Argld with I B may
299 295 293 (8) . s
301 298 297 (5) explain }l:le static dlsqrder observed fqr
229 230 230 (1) Argl4. The side chain of Argl4 exhi-
340 345 338(5) bits two different orientations with
307 314 3.14(4) : . - A
305 305 309 (6) relative frequencies of 6:4 in the ten
350 350 354 (4) final models.
310 314 305 (5) The geometry and interactions of
oy ;:;;m periodate 1 C (occupancy 0.5) are
= 2 2.57 (7) given in Table 6 and Fig. 2(c). The bond
261 263 262(1)  lengths of this periodate correspond to

— 34 : 2—

229 229 229(1) the fgrmuld [I(OH)_\Q;] . The two
s . 225 negative charges of this periodate are
306 318 311(4)  stabilized by Argd5 and Argé8 (both in
i e & e
333 329 igﬁ E:; pasition.y, z, 1 —z).
¥ et 333 The structure of periodate I_.D
= = 278 (9) (occupancy (.6) is described in Table 7
309 298 296(7) . . : .
e e and Fig. 2(d). The bond lengths corre

spond to the formula [I(OH)]". The

Figure 1

Anomalous difference electron-density map (contoured at 3 standard
deviations above the mean value) and regular geometric arrangement of
periodates (green spheres). The additional maxima are from symmetry-
related molecules. The figure was produced using the program PyMol
(DeLano, 2002).
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Table 8
Geometric parameters of the relative arrangement of the periodate ions [_A-I_D on the surface of lysozyme.
Refinement 1 2 3 4 5 6 7 8 9 10 Mean
Distances (A)
IA--- B 10.00 10.01 10.03 10,01 10.01 9.99 9.99 9.96 9.95 9.95 9.99 (3)
I.B:--1.C 20.50 20,50 20.50 20.48 20.50 2048 2049 20.50 20.49 20.50 2049 (1)
I.C--1.D 10.41 10.41 10.40 10.39 10.39 10.39 10.41 10.42 10.42 10.40 10.40 (1)
I.D---I_A 22.94 2291 2291 2291 22.81 2292 2297 22,92 2290 22.91 2291 (3)
Angles (°)
IA-- I B--11.C 107.94 107.78 107.73 107.78 107.63 107.85 107.90 107.94 107.90 107.81 107.83 (9}
1.B--- I C--1.D 86.37 86.34 86.40 B6.47 86.36 86.43 86.32 86.32 86.33 86.37 86.37 (5)
I.C---1_D--I_A 91.43 91.50 91.50 91.43 91.54 91.40 91.47 91.37 91.31 91.35 91.43 (7)
[D---I_A---I_B . 74.24 74.36 74.35 74.30 T4.44 74.29 74.27 74.35 T4.44 T4.45 7435 (7)
Distances from plane (A)
I_A 0.061 0.071 0.057 0.077 0.071 0.072 0.074 0.080 0.074 0.070 0.071 (7)
I_B 0.069 0.079 0.064 0.086 0.079 0.081 0.083 0.090 0.082 0.078 0.079 (7)
I.C 0.064 0.073 0.059 0.080 0.073 0.075 0.077 0.083 0.076 0.072 0.073 (7)
IL.D 0.056 0.065 0.052 0.071 0.065 0.070 0.068 0.073 0.067 (.064 0.065 (6)
R.m.s. deviauon of fitted atoms 0.063 0.072 0.058 0.079 0.072 0.073 0.076 0.082 0.075 0.071 0.072 (7)

positive charge of the periodate is stabilized by the presence of
Glu35 and Asp52 in its neighbourhood.

The I—O bond lengths given in Tables 4-7 are in good
agreement with the published mean value of 1.803 A for the
distance 1’*—O*~ (Wilson & Prince, 1999).

3.3. Exploitation of anomalous signal for structure solution

QOur data measured were more then good enough for the
determination of periodate positions, the verification of these
positions on the basis of the anomalous difference map and
the determination of the periodate oxygen positions.
However, attempts to use the anomalous signal for phase
determination were unsuccessful. No easily interpretable map
was obtained by the SAD method using the programs
MLPHARE and DM (Collaborative Computational Project,
Number 4, 1994). However, it is planned to reperform the
experiment more carefully and to enhance the anomalous
signal by carrying out data collection at longer wavelengths
(Mueller-Dieckmann et al., 2004, 2005). This will be the subject
of a separate study.

3.4. Geometric arrangement of the four periodates with high
occupancy

Selected distances, angles and the plane through the I atoms
of the periodates I_A, I_B, I_.C and I_D are described in
Table 8. The I atoms of I_A, I B, [_.C and I_D form a
deformed rectangle ABCD (Fig. 1). The deformation occurs
because of the deviation of I_A of about 3 A in the direction
DA. The angles BCD and CDA may be considered to be
regular, the sides AB and CD as equivalent and the side BC as
double this value.

The regular arrangement of the periodate ions is in good
agreement with the unit-cell parameters of several minerals
and may help to explain the phenomenon of epitaxy of lyso-
zyme on the minerals lepidolite and fluorite (McPherson &
Shlichta, 1988). The only commonly accepted necessary
condition for epitaxy of one compound on another is the
presence of the same d value in both compounds. In the case
of proteins, the d value of one compound can be changed by

+ Periodates bound to lysozyme
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the distance of possible binding points, represented by peri-
odate positions. The average value of 10.23 A obtained from
AB. BD and CD used for this evaluation is in an excellent
agreement with the unit-cell parameters ¢ = 10.13 A in lepi-
dolite C2/m (Bema!d & Rost, 1992), ¢ = 20.20 A in lepidolite
C2/c or a = 520 A in lepidolite P3,12. The agreement is
evident for fluorite P3,21 with a = 4913 A or for fluorite
P4,2,2 with a = 4.97 A.

The epitaxy of proteins on minerals has been described
(McPherson & Shlichta, 1988) for proteins such as concana-
valin B, catalase and canavalin, but a similar analysis for these
proteins is so far lacking.

3.5. Comparison of periodate positions with positions of
other ions

Various ions bound to lysozyme are often found in struc-
tures deposited in the PDB. The positions of chlorides in three
selected structures compared with the positions of the peri-
odate ions in our model yields the following results: chloride
ions 201, 202 and 205 found in PDB entry 11z8 (Dauter et al.,
1999) correspond to the positions of water molecules in our
structure, with deviations of 1.05,1.22 and 1.57 A, respectively.
No maxima in the anomalous difference Fourier map were
found for chlorines 203, 206, 207 and 208. Chlorine 204 is
situated at a distance of 2.45 A from periodate I_B bound to
His15. Both chlorides in PDB entry 1dpx (Weiss et al., 2000)
are replaced by water molecules in our crystal. Chlorides 201
and 202 found in PDB entry liee (Sauter et al., 2001) are again
replaced by waters in our crystal, chloride 203 is located
1.13 A from periodate 1_H (occupancy 0.4) and chloride 204
141 A from periodate 1_B. Chloride 205 superposes with a
chloride in our crystal structure, with a difference in position
of 1.67 A.

The ion positions in two other lysozyme structures deter-
mined under xenon and krypton pressure (PDB entries 1¢10
and 1qtk; Prangé er al, 1998) were also compared with our
model (Table 9). In 1cl0, the chlorides 160, 161 and 164
correspond to water molecules in our model, chloride 162

Acta Cryst. (2005). D61, 0
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Table 9

Published structures of native hen egg-white tetragonal lysozyme and average values of r.m.s. deviations from our models (A).

PDB code Structure Resolution (A) R (%) Riee (%) R.m.sd. (A) Reference

1dpx 177 walers, 2 chlonides 1.65 18.7 246 0.223 (5) Weiss et al. (2000)
lice 233 waters, | sodium, 5 chlorides 0.94 12.3 15.1 0.271 (6) Sauter et al. (2001)
ljis 141 walers 1.90 19.0 234 0313 (3) Datta et al. (2001)
1128 224 waters, 1 sodium, 8 chlorides 1.53 22 31 0.343 (3) Dauter et al. (1999)
1hel 319 waters 1.70 152 Not given 0.279 (4) Wilson er al. (1992)
1clD 68 waters, 1 sodium, 6 chlorides and 3 xenons 203 17.2 22 — Prangé er al. (1998)
lgik 77 waters, 1 sodium, 3 chlorides and 1 krypton 2.03 17.3 21.6 == Prangé er al. (1998)
lgwd 103 waters, 1 sodium, 7 chlonides and 5 1odides 17T 16.8 21.1 - Evans & Bricogne (2002)

approximately corresponds to the position of the low-occu- ;

pancy periodate 1_H (distance 2.09 A), chloride 163 roughly ~ chloride 165 is 1.54 A from the position of the chloride in our
superimposes with periodate 1 B (distance 2.69 f\) and model. In Iqtk, chlorides 160 and 161 correspond to water
molecules in our model and the position of
chloride 162 corresponds to the position of
the low-occupancy periodate 1_H (distance
201 A). As might be expected, all xenon and
krypton positions are far from periodate
positions.

The periodate positions were also
compared with ions found in the tri-iodide
derivative of tetragonal lysozyme (Evans &
Bricogne, 2002: Table 9). Tri-iodide is formed
by iodides A1130-A1147-A1130, with the
I1—1I distance being 2.72 A (A1147 1s placed
on a special position). Tri-iodide. iodides
Al1131 and A1133 and chlorides A1137,
Al1139, A1142 and A1143 are distant from
any periodate positions in our model. The
iodide A1132 position approximately corre-
sponds to the position of periodate 1_E
(occupancy 0.21); here, the side chain of the
nearby Aspl8 exhibits a different orientation.
The chlorides A1138 and A1140 practically
superimpose with periodate I_H and peri-
odate I_B, with differences in position of 2.01
ASP87 and 241 A, respectively. The chloride A1141
corresponds to the chloride ion in our model,
with a distance difference of 1.39 A.

The structure of lysozyme in complex with
2-methyl-2 4-pentanediol  and  2-amino-
2-hydroxymethyl-propane-1,3-diol (Weiss er
al., 2000) and in complex with tri-N-acetyl-
chitotriose (Cheetham et al., 1992) as well as
the structural effects of other monovalent

GLU7 0 GLU7 anions such as para-toluenesulfonate, NO;,
IS15 1S15 SCN™ and I~ on polymorphic lysozyme
stals (Vaney et al, 2001) have also been
RG14 Cr)('\t | : ;
RG14 studied. No similarities between the binding
of these ions and periodates in tetragonal
(h)

G128 G128

(@)

HEW lysozyme were found.
The characteristics of periodate-binding
Figure 2 positions are determined by its octahedral
Stereoscopic views of the four periodate ions bound to lysozyme -.-xhihi_lmg ocupancy >tl.5.. shape, size and charge flexibility. Periodate
The figure was prepared using the programme Viewer Lite 4.2, (u.;.Bmdlng position ”‘f
periodate 1_A, (b) Binding position of periodate [_B. (¢) Binding position of periodate 1.C.
(d) Binding position of periodate 1_D.

can change its charge and 1—0O bond lengths
and thus adjust itself to the lysozyme surface.

: - Indracek et al. * Periodates b 0 lysozyme
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Surprisingly, periodate oxidizes neither cysteines or methio-
nines nor any other parts of the lysozyme molecule. No similar
structural flexibility of inorganic oxoanions such as bromate,
selenate, tellurate efc. was found within lysozyme crystals
(Ondracek, unpublished results).

4. Conclusions

The soaking of tetragonal lysozyme crystals in periodate
solutions led to the binding of periodate in four highly occu-
pied positions. Sstandard refinement of the structure did not
yield the positions of periodate O atoms. Thus, the structures
of the periodate ions could not be determined exactly. A
standard single model is not capable of describing every
significant maximum in the difference Fourier map. However,
the oxygen positions in all four periodate ions could be
determined using the novel HipHop refinement procedure.

SER 37
W 1039
1024
W 1094 J W 1094
W 1067
ARG 45

(c)

ASP52
LN57
Wi1 W1$
W1169 W1169
%059
GLU35 GLU35
04
11 i Wﬂﬁ“ 11
5
()
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JW 1067
ARG 45

ASPS52

3
W’1 84
6

The structures of the four bound periodates differ and
depend to some extent on the binding position of the peri-
odate on the surface of the lysozyme molecule. The periodate
anion is able to accept or release H' and balance a partial
charge within lysozyme crystal. Thus, the structure of the
periodate depends on the local pH in the binding position.
Three of four periodates are bound to two neighbouring
symmetry-related lysozyme molecules.

Four periodates form a regular rectangular arrangement on
the surface of lysozyme. A similar arrangement was not found
after soaking tetragonal lysozyme in other heavy-atom oxo-
anion solutions such as tellurate, bromate, selenate, vanadate,
tungstate or perrhenate or in the structure of other complexes
of heavy-atom oxoanions with proteins listed in Table 1. The
reason can be found in the octahedral symmetry of periodate
and its structural flexibility as presented in this article. There is
a relationship between the dimensions of this rectangle and

the unit-cell parameters of some inorganic
minerals that might enable epitaxy of lyso-
zyme on these minerals.
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HIV protease (PR) represents a prime target for rational drug
design, and protease inhibitors (Pl) are powerful antiviral drugs.
Most of the current Pls are pseudopeptide compounds with limited
bioavailability and stability, and their use is compromised by high
costs, side effects, and development of resistant strains. In our
search for novel Pl structures, we have identified a group of
inorganic compounds, icosahedral metallacarboranes, as candi-
dates for a novel class of nonpeptidic Pis. Here, we report the
potent, specific, and selective competitive inhibition of HIV PR by
substituted metallacarboranes. The most active compound, sodium
hydrogen butylimino bis-8,8-[5-(3-oxa-pentoxy)-3-cobalt bis(1,2-
dicarbollide)]di-ate, exhibited a K; value of 2.2 nM and a submi-
cromolar ECsp in antiviral tests, showed no toxicity in tissue culture,
weakly inhibited human cathepsin D and pepsin, and was inactive
against trypsin, papain, and amylase. The structure of the parent
cobalt bis(1,2-dicarbollide) in complex with HIV PR was determined
at2.15 A resolution by protein crystallography and represents the
first carborane—protein complex structure determined. it shows the
following mode of PR inhibition: two molecules of the parent
compound bind to the hydrophobic pockets in the flap-proximal
region of the 53 and 53’ subsites of PR. We suggest, therefore, that
these compounds block flap closure in addition to filling the
corresponding binding pockets as conventional Pls. This type of
binding and inhibition, chemical and biological stability, low tox-
icity, and the possibility to introduce various modifications make
boron clusters attractive pharmacophores for potent and specific
enzyme inhibition.

rational drug design | aspartic proteases | carboranes |
x-ray structure analysis | virostatics

IV protease (PR) is responsible for cleaving viral polypro-
tein precursors into mature, functional viral enzymes an_d
structural proteins. This process, called viral maturation, 1s
required for the progeny virion to became replication competent
and infectious. Chemical inhibition or inactivation by mutation
of PR blocks the infectivity of the virus (1). PR has thus become
a prime target for therapeutic intervention in AIDS. Academic
and industrial research has led to the rapid development of eight
effective inhibitors that are currently in clinical use, with several
others still in the pipeline (for review, see refs. 2 and 3_}.
Despite the considerable success of rational drug design, the
need for effective PR inhibitors (PIs) is still urgent. Most of the
current PIs are pseudopeptide compounds with limited bioavail-
ability and stability. Moreover, their clinical use is compromised by

high production cost, various side effects, and rapid development of

resistant viral strains (4). Therefore, there is a continuing need for

15394-15399 PNAS October 25,2005 | vol. 102 | no.43

the design of new PIs with an emphasis on broad specificity against
Pl-resistant HI'V mutants (5, 6).

Molecular modeling and/or random testing of compound librar-
ics revealed several PR inhibitors with unexpected structures. Most
of the first-generation PIs were pseudopeptides. Some recent
compounds involve nonpeptidic structures, such as cyclic ureas,
sulfonamides, etc. (2). However, even inorganic compounds, Nb-
containing polyoxometalates, specifically inhibit HIV PR with
submicromolar ECsj values in tissue cultures (7). In this case, the
inhibitors were shown to be noncompetitive, and a model suggested
binding to the cationic pocket on the outer surface of the flaps.
There is also an evidence for compounds with unexpected chem-
istry capable to target the active site of the enzyme. The HIV
PR-binding cleft was shown to accommodate Ce; fullerenes, hy-
drophobic and electrophilic spheric compounds, and some
fullerene derivatives are indeed weak inhibitors of HIV PR (8-11).

We searched for other types of unconventional chemical struc-
tures that would fit into the PR-binding cleft, would be biologically
stable, and would enable facile chemical modification. When
screening a number of structural motifs, we identified a group of
inorganic compounds, icosahedral boranes, carboranes, and namely
12-vertex metal bis(dicarbollides), as promising frameworks for a
novel class of nonpeptide Pls. These boron/carbon clusters are
polyhedra based on a three-dimensional skeleton with triangular
facets.

Boron-containing polyhedral compounds have been intensively
studied because of their use in boron neutron capture therapy (12)
and in radioimaging (13. 14). From the structural point of view, the
variety of known structural types of boranes, heteroboranes, and
metallaboranes represents an interesting counterpart to organic
compounds, especially to aromates. With the icosahedral cage
being only slightly larger than the phenyl ring rotation envelope,
carboranes were used as stable hydrophobic pharmacophores (e.g.,
refs. 15-17). There is little information on the use of carboranes as
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Table 1. Structures and activities of metallacarborane inhibitors

Compound Molecular weight
no. Structure of anion K, nM ECsp, uM
1 323.74 66 = 30 6
2 339.74 6,800 = 500 20
3 427.85 2,500 =+ 400 6
H
4 624.09 20 =5 13
5 837.11 49 + 21 3
6 893.82 2212 0.25

All compounds were prepared as their sodium salts. Color coding: orange, BH groups; black, CH groups; blue,

Co atom. For details see Materials and Methods.

enzyme inhibitors. Few examples reported in the literature involve
benzolactams bearing dicarba-closo-dodecaborane (16, 18) or car-
borane substitution of the phenyl ring in the phenyl-phthalimido-
imid, yielding a tumor necrosis factor-a modulator with the activity
comparable with the parental compound (19). Porphyrins substi-
tuted with dicarba-closo-dodecaboranes were found as inhibitors of
HIV PR, with ICs; in the submicromolar range (20).

Our main attention has been focused on ionic metal bis(dicar-
bollides) that consist of two dicarbollide subclusters sandwiching
the central metal atom. In metal bis(dicarbollides), the equal
11-vertex dicarbollide subclusters are connected by a commo metal
vertex, forming two 12-vertex metal dicarbollide subclusters. These
closo 26-electron compounds with “peanut-like 12-vertex geome-
try” were described as early as 1965 by Hawthorne et al. (21) and
thus form basic stones in metallacarborane chemistry.

Among other transition metal metallacarboranes (22), cobalt
bis(1,2-dicarbollide) ion (23) shows certain unique features: syn-
thetic availability, wide possibilities of exo-skeletal mo{;hﬁcaﬂons.
high stability, charge delocalization, low nucleophilicity, strong
acidity of conjugated acids, and high hydrophobicity. These prop-
erties are reflected in unique solution properties and ion-pairing
behavior of this ion, which in turn led to its known applications in
extraction chemistry (24, 25) and in the development of lowest
coordinating anions (26) and compounds for radioimaging (14).
However, the metal bis(dicarbollides) have never been considered
as biologically active compounds or pharmacophores. '
~In this article, we report the potent, specific, and selective
inhibition of HIV PR by parental and substituted metallacarbo-

Cigler et a/

ranes, namely cobalt bis(1.2-dicarbollides). We provide evidence
for the mechanism of action of these compounds, show their
antiviral activity in tissue cultures, analyze their binding toward the
enzyme by x-ray crystallography, and show the potential of this class
of compounds to become a novel pharmacophore for enzyme
inhibition.

Materials and Methods
Chemical Syntheses. Compound 1 (Table 1) was converted to

Table 2. Data collection and refinement statistics for
crystallographic structure determination

Space group c2
Unit cell a=853Ab=67.2A,
c=425A, B =950°

Data collection resolution, A 52.7-2.14
Completeness, % 892 (99.2)*
Average [/ a(l) 9.3 (3.0)*
Rerieraer o 5.6 (22.8)*
Refinement resolution, A 30-2.15

R factor*/Ry.ee factor,’ % 17.59/23.25
No. of atoms (protein/water/others) 1,535/202 /46
rms deviation bond length/angles, A/® 0.009/1.92

*Values in parentheses refer to the highest resolution shell 2.19-2.14.
"Rerge = Zaks | 1 = (1) | Znwl.

*R =3 | Fealc — Fobs |/Z | Fobs |-

5The Ryee as defined in ref. 45 was calculated for 5% of reflections.
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Fig. 1.
and anionic compounds, respectively.

sodium salt from the commercially available cesium salt (Katchem,
Rez u Prahy, Czech Republic) by using the extraction procedure
described in ref. 27. Compound 2 was obtained by direct hydroxy-
lation of 1 by using warm diluted sulfuric acid according to
procedures in ref. 28. The starting dioxanate intermediate was
prepared as described in ref. 29. The synthesis of compounds 3—6
is described in Supporting Materials and Methods, which is published
as supporting information on the PNAS web site.

Enzymes. The expression, refolding, and purification of HIV-1 PR,
HIV-2 PR, and the HIV-1 PR variant (Q7K, L33, L63I) bearing
three mutations that minimize the autoproteolytic cleavage (30)
were performed as described (31). PRs from mouse intracisternal
A particles (MIA14 PR) (32), human cathepsin D, and pepsin were
prepared as described (33, 34). Porcine a-amylase, bovine trypsin,
and papain were purchased from Sigma.

Inhibition Assays. Inhibition of HIV PRs. The 1Cs; and K, values were
determined by spectrophotometric assay with the chromogenic
substrate KARVNIeNphEANIle-NH, as described (31). The
inhibition constants were estimated by using a competitive
mhibition equation according to ref. 35. The mechanisms of
inhibition were derived from initial reaction rates versus con-
centrations of substrate in the presence of various concentrations
of inhibitor by using a Lineweaver-Burk plot.

Inhibition of MIA14 protease. A spectrophotometric assay was used
to determine inhibition characteristics by using chromogenic
substrate DSAYNphVVS as described (32).

Inhibition of human cathepsin, pepsin, trypsin, papain, and a-amylase. For
experimental details, see Supporting Materials and Methods.

Testing of Antiviral Activities in Tissue Cultures. Antiviral activity was
analyzed by using PM-1 cells infected with HIV-1 strain NL4-3
modified from a published procedure (36). PM-1 cells were infected
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Ring opening reaction of 8-dioxane-3-cobalt bis(1,2-dicarbollide) 7 by different nucleofiles Nu® (e.g., NH3) and Nu~ (e.g., RO") yielding zwitterionic

by coculture and washed 4 h after infection, and compounds 1-6 or
the solvent DMSO, respectively, was added after the wash. Newly
produced virus was harvested at 48 h postinfection and cleared by
brief centrifugation, and infectious titer was determined on TZM
cells, which express p-galactosidase from a Tat-responsive pro-
moter. Viral titers and standard deviations are derived from three
independent experiments.

Crystallization, Data Collection, and Structure Solution. The complex
for crystallization was prepared by mixing HIV-1 PR (Q7K, L33I,
L631I) with 3.7-fold molar excess of compound 1 dissolved in DMSO
and concentrated by ultrafiltration to final concentration of 7.5
mg/ml. The crystals were grown by hanging drop vapor diffusion
technique at 19°C by using 0.1 M Tris'HCI (pH 8.5) and 2.0 M
ammonium dihydrogen phosphate as the precipitating solution.
Diffraction data were collected at 100 K by using synchrotron
radiation of wavelength 0.8 A [X13 beamline, Deutsches Elek-
tronen-Synchrotron (DESY) Hamburg, Germany] and were pro-
cessed by using the HKL 2000 software package (37). The HIV PR
structure was solved by molecular replacement by using protein
coordinates from Protein Data Bank (PDB) structure 1NHO (38).
The structure solution and refinement were performed by using the
CCP4 program suite.

Crystal parameters and data collection statistics are summarized
in Table 2. Atomic coordinates and structure factors have been
deposited to PDB: code 1ZTZ. The details of structure determi-
nation are found in Table 4, which is published as supporting
information on the PNAS web site.

Results and Discussion

Inhibitor Design and Synthesis. Most of the HIV PIs currently used
in clinics are pseudopeptide or peptide mimetics based on a limited
number of structural building blocks. Our intention was to identify
novel core structures and thus expand chemical space available for

B

Fig, 2, X-ray structure analysis of the binding of compound 1 to HIV-PR. (A) Overall structure of the HIV PR—compound 1 complex. The PR dimer is.in ribbon
representation with the two catalytic aspartates shown in sticks. Two compound 1moleculesare represented by theirvan der Waalssurfaces and gray stick mod.el_
with cobalt ions shown as magenta spheres. Autoproteolytic peptide product is represented as stick model. (B) Superpomlen of FR—c.ompound 1 complex with
PR-lopinavir complex and with the free PR structure, Protease complex with lopinavir (PDB 1D cede 1MUI) is represented in yell.ove ribbons, lopinavir is shown
a5 a stick model, free PR structure (PDB ID code 1HHP) is shown in green ribbons, and color coding for PR-compound 1 complex is the same as in A

15396 www.pnas,arg/cgl/doi/10.1073/pnas.0507577102
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the development of PIs with novel qualities, We have identified
|2-vertex metallacarborane clusters as suitable hydrophobic, stable,
pontoxic structural analogues of aromatic compounds. In our initial
ests, substituted metallacarboranes showed the most promising
results.

Our synthetic approach started from easily accessible parent
cobalt bis(dicarbollide) ion 1 to yield either 8-hydroxyderivative 2
(28) or the 8-dioxane-3-cobalt bis(1,2-dicarbollide) (29) reagent 7
(see Fig. 1). This reagent was then reacted under mild conditions,
giving rise to a series of exo-skeletally modified metallacarborane
cluster anions 3—6 for testing. For synthesis of compounds 3-6, ring
cleavage reaction of 7 with O- and N-nucleophiles was used (see Fig.
1), thus producing ionic species if the ring opener is an anion, and
betain-type zwitterions if the base is not charged.

The ring opening procedure of 7 zwitterion has already become
a widely applicable method for attachment of the cobalt bis(dicar-
bollide) moiety to various organic substances (39-41). However,
compounds 5 and 6 represent examples of zwitterionic-anionic

structures containing two cobalt bis(1,2-dicarbollide) subunits
bonded via flexible organic spacer chain.

Inhibition Constants and Antiviral Activities. Compounds 1-6 were
tested as potential inhibitors of HIV PR in vitro and in tissue
cultures. The corresponding inhibition constants (K; values) and
antiviral activities (ECsy values) are summarized in Table 1. All
compounds exhibit classical competitive binding (data shown in
Supporting Materials and Methods and Fig. 4, which is published as
supporting information on the PNAS web site). This kinetic analysis
suggests that tested cobalt bis(dicarbollide) competes with the
peptide substrate and, therefore, binds to the active cleft of the
enzyme. This suggestion has been confirmed by x-ray analysis of
the complex of HIV PR with compound 1 (see below). Parent
compound 1 shows tight inhibition in vitro and micromolar antiviral
potency. Derivatization of compound 1 by hydroxyl and 2-(2-
hydroxyethoxy) ethoxy groups yielded compounds 2 and 3, exhib-
iting much weaker activity in vitro and comparable antiviral activ-
ities in tissue cultures. Simple visual inspection of the size of
compounds 1-3 (Table 1) in comparison with the volume of the
closed form of the HIV PR active cleft led to the notion that these
compounds would not have sufficient contacts with the correspond-
ing substrate-binding clefts. The solvent accessible area of com-
pound 1 is more then two times lower when compared with a
representative conventional pseudopeptide PI, lopinavir (LPV).
However, the x-ray structure analysis solved this apparent contra-
diction, showing that two inhibitor units are needed for the efficient
binding to the PR active cleft (see Figs. 2 and 3). Because the
relative molecular weight of compound 1 is one of the lowest ever
reported to inhibit HIV PR, it provides enough room for further
improvement by means of structure-activity analyses, and therefore
it was selected as the lead compound of our series of metallacar-
borane inhibitors of HIV PR.

Approximately a 100-fold improvement of the K value was
achieved by enlarging the side chain of compound 3 in position 8 of
the cage by the addition of a 1,2-diphenyl-2-hydroxy-ethoxy group,
yielding compound 4 with 20 nM K. The binding of the compound
was further improved four times by designing a symmetric com-
pound 5 and, even further, by alkylating the secondary amino group
with a butyl moiety (compound 6), which represents the most active
inhibitor of the compound series, with a K; value of 2.2 nM and
submicromolar antiviral activity in tissue culture. The mode of
binding of this compound and its interaction with the enzyme-
binding pockets could be inferred from the structure of the parent
compound 1,

It is striking that compound 6 showed an ECsg for inhibition of
HIV-1 in tissue culture of 250 nM. which was =10-fold better than
that observed for the structurally very similar compound 5. In
contrast, the K, value for PR inhibition in vitro exhibited only a
2fold difference. This result indicates that subtle differences in
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Fig. 3. Interactions of compound 1 with the amino acid residues in the
corresponding PR-binding pocket. (4) Binding of compound 1 molecule Cb1
by PR monomer A (red tube). (B) Binding of compound 1 molecule Cb2 by PR
monomer B (blue tube). Compound 1 is represented by a stick model in gray,
with cobalt shown as a magenta sphere. PR residues in contact with compound
1 are represented by stick models, and their solvent-accessible surfaces are
colored by atom charge (blue, positive; red, negative). (C) Superposition of the
two compound 1-binding modes. The color scheme and representation for PR

isthe same as in A and B, and atoms in compound 1 are colored with the color
of the interacting PR chain.
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Table 3. The ICso values that demonstrate specificity and selectivity of individual compounds

as analyzed with other retroviral PRs, representatives of aspartic, serine and cystein PRs,

and amylase

Compound
Enzyme 1 4 5 6
WT HIV-1 PR 1.4 uM 0.13 uM 0.14 pM 0.10 oM
(66 * 30 nM) (20 *= 5 nM) (4.9 = 2.1 nM) (2.2 £ 1.2 nM)
WT HIV-2 PR 1.5 uM 0.76 uM 0.35 uM 0.31 uM
(220 = 34 nM) (140 = 8 nM) (110 = 17 nM) (39 = 1 nM)
MIA14 PR 1.0 uM 0.21 uM 0.63 uM 0.59 uM
(85 = 17 nM) (22 = 7 nM) (60 = 22 nM) (85 = 4 nM)
Human cathepsin D 2.1 UM 1.3 uM 1.9 uM 0.50 uM
(1,100 = 100 nM) (670 = 30 nM) (960 *+ 30 nM) (250 = 30 nM)
Pepsin 1.5 uM 0.86 uM 1.3 uM 0.73 uM
(760 = 90 nM) (430 = 40 nM) (630 = 160 nM) (360 = 50 nM)
Trypsin =250 uM =50 uM 10 M (ND) =50 uM
Papain ==50 uM =50 uM 46 uM (ND) =50 uM
Amylase =50 puM =50 uM 3 uM (ND) 17 uM (ND)

The experimental error in the ICs; determination is <10% of the given value. The inhibition constants K; are

shown in parentheses when applicable.

structure may lead to significant alterations in potency and suggests
that further derivatization of this new group of PIs may significantly
enhance their potential as antiretroviral drugs.

Analysis of the polyprotein processing by Western blotting shows
a processing defect in the virus grown in the presence of active
compounds (data not shown). No significant toxicity of tested
compounds in tissue cultures was observed in the concentration
range up to 50 uM.

Specifity and Selectivity Testing. The selectivities of the lead com-
pound 1 and the more potent compounds 4-6 were tested on a
panel of seven enzymes, including PR from the highly homologous
HIV-2 virus, PR from more distantly related retrovirus MIA 14,
profotype human aspartic PRs cathepsin D and pepsin, serine PR
trypsin, cystein PR papain, and amylase as a representative of
nonproteolytic enzymes with an anionic active-site cleft. The results
are summarized in Table 3 in terms of ICs; values; the correspond-
ing K, values are shown in parentheses when appropriate.

All tested compounds inhibit homologous HI'V-2 PR and MIA
PR, although less tightly, suggesting that they might be active
against mutated resistant PR species selected under the pressure of
clinically used PIs in HIV-positive patients. The activity of tested
compounds toward cathepsin D and pepsin is two orders of a
magnitude lower in terms of K; when compared with HIV-1 PR.
The tested compounds do not significantly inhibit any other enzyme
analyzed.

Crystal Structure of PR-Compound 1 Complex. Structure of HIV
PR-compound 1 complex was determined at 2.15 Aresolutioqwilh
R factor of 17.6% and Rje. of 23.6%. The final model comprises a
PR dimer (chains A and B) with two molecules of compound 1
bound in the active site (labeled Cbl and Cb2 in Fig. 24). Because
compound 1 is highly symmetrical in shape, it is not, however,
possible to distinguish unambiguously the positions of carbons and
borons in electron density maps at 2.15 A resolution.

With the two molecules of compound 1 bound, the ovclrull
conformation of the PR is similar to the open conformation typical
for free PR. Most of the structures of substrate-based active site
inhibitor complexes exhibit flaps closed over the active site: How-
ever, the PR complexed with 1 can be superimposed with the
unliganded PR structure [PDB ID code 1HHP (42)] with an rms
deviation in a-carbon positions of 0.99 A (Fig. 2B). Flap§ are
obviously held in the open conformation by binding of the inhibitor
molecules to the flap-proximal, “upper” part of the active site cleft

15398 | www.pnas.org/cgi/doi/10.1073/pnas.0507577102

(Fig. 2). The structure thus provides evidence that the hitherto
unexplored class of inhibitors shows an unexpected mode of
inhibition. So far, the open conformation of flap was reported only
for unliganded PR, whereas all inhibitor-bound structures of wild-
type HIV PR show closed flap conformation. Here, we describe the
structure of a complex of PR with a relatively potent inhibitor
bound uniquely in the enzyme open form. Because the conforma-
tion of flap in PR is functionally very important, this finding might
suggest that inhibition mechanism of these compounds is blocking
the flap closure rather than filling the specific bonding pockets in
the active site cleft.

Compound 1 is bound in the hydrophobic pockets formed by
side-chains of PR residues Pro-81, Ile-84, and Val-82 and covered
by flap residues Ile-47, Gly-48, and Ile-54 (Fig. 3). These pockets
correspond approximately to S3 and S3' substrate-binding subsites.
Although the inhibitor-binding site is identical in both monomers,
the positions of the two compound 1 molecules are different (Fig.
3C). Inhibitor molecule Cb1 makes 21 van der Waals contacts with
seven residues in monomer A (Fig. 34) whereas inhibitor molecule
(b2 makes 12 van der Waals contacts with four monomer B
residues (Fig. 3B). On average, 84% contacts are made with PR
nonpolar atoms. The two Cbl and Cb2 molecules contact each
other with 3 van der Waals contacts. Compound 1 loses 89% of its
total solvent-accessible surface upon complex formation, and good
shape complementarity between both S3 and S3° PR subsites and
compound 1 molecules is illustrated by an average gap volume index
of 0.45. This result is slightly lower than an average value for
enzyme—inhibitor complexes (43).

The PR compound 1 complex crystallized in C2 crystal form,
unique among all 169 HIV PR structures deposited in PDB. In the
crystal, symmetrically related PR complexes are oriented head-to-
head by their active sites. As a result of this crystal packing,
symmetrical flaps are in contact with each other and molecules of
compound 1 are in contact with their symmetry mates, as well as
with flaps belonging to neighboring symmetry molecule. Thus, in
addition to the above described contacts, interactions of compound
1 with PR based on crystal contacts can be observed with residues
Gly-48, Gly-49, Tle-50, and Phe-53. However, formation of these
interactions in solution seems unlikely because assembly of a
complex consisting of two PR dimers and four inhibitor molecules
is highly improbable.

Five of the PR residues that are in contact with compound 1 are
often mutated in drug-resistant PR variants (Ile-47, Ile-48, lle-54,
Val-82, and Ile-84). The question whether the presence of these

Cigler et al.



qmutations affects compound 1 binding needs to be answered by

further biochemical and structural studies. Nevertheless, compound

1 binds by two different modes to two identical binding pockets

formed by monomers A and B (Fig, 3C). Thus, we can expect that

compound 1 is able to adapt its position so that it could bind into
an appropriate pocket altered by mutations.

In addition to the two inhibitor molecules, a continuous electron
density map at the bottom of the PR active site allowed modeling
of the tetrapeptide Ala-Gly-Ala-Ala, which represents a product of
PR autoproteolytic cleavage, often observed during cocrystalliza-
tion of PR with weak active-site inhibitors. The product of PR
degradation is then found in the active site instead of inhibitor (ref.
46; PDB ID code 1SP5). In the present structure, however, the
peptide and compound 1 occupy different sites of the active cleft,
and, therefore, they can bind simultaneously. Nevertheless, high
temperature factors of the peptide main chain atoms point to high
mobility and/or its probable lower occupancy. The lack of electron
density for side chains further suggests that several peptides orig-
inating from three possible cleavage sites (44) are present in the

structure. Therefore, we presume that the presence of peptide in the
active site is not required for compound 1-specific binding.

In conclusion, we have shown that boron clusters represent
convenient building blocks that can create important interactions
with hydrophobic patches of the HIV PR-binding site. X-ray
structure analysis of the metallaborane-PR complex brings up
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We describe a 5-year-old boy with a unique congenital
cataract caused by deposition of numerous birefringent,
pleiochroic and macroscopically prismatic crystals.
Crystal analysis with subsequent automatic Edman
degradation and matrix-associated laser desorption
ionization time-of-flight mass spectrometry have
identified the crystal-forming protein as yD-crystallin
(CRYGD) lacking the N-terminal methionine. Sequencing
of the CRYGD gene has shown a heterozygous C—A
transversion in position 109 of the inferred cDNA
(36R—S transversion of the processed, N-terminal
methionine-lacking CRYGD). The lens protein crystals
were X-ray diffracting, and our crystal structure solu-
tion at 2.25 A suggests that mutant R36S CRYGD has
an unaltered protein fold. In contrast, the observed
crystal packing is possible only with the mutant
protein molecules that lack the bulky Arg36 side
chain. This is the first described case of human cataract
caused by crystallization of a protein in the lens. It
involves the third known mutation in the CRYGD gene
but offers, for the first time, a causative explanation
of the phenotype.

INTRODUCTION

Cataract (lens opacification) is an etiologically and genetically
heterogeneous process, the common denominator of which is
loss of lens mass physical homogeneity leading to abrupt
changes of the refractive index resulting in light scattering and
loss of transparency.

Cataractogenesis is associated with a long list of metabolic
disorders either inherited or acquired, leading to breakdown of
the lens supramolecular architecture mainly through loss of
osmoregulation or oxidative damage (1,2). As the major
proteins maintaining the lens transparency are crystallines
(representing up to 90% of the soluble lens proteins) it 1s

reasonable to consider them as a frequent final target of the
pathologic events leading to their precipitation and formation
of high molecular weight aggregates. Besides that, a number of
structural alterations at the microscopic level have been
described encompassing vacuoles, globular and membranous
formations together with a number of alterations defined solely
at the macroscopic level without microscopic correlation (3).
Recently it was shown that cataractogenesis can be primarily
induced by mutations in the family of genes coding for crystal-
lines, which in the mutant form are prone to aggregation. The
disorders are congenital and are transmitted as an autosomal
dominant trait. In laboratory animals the process was associated
with mutations in the B and ycrystallin genes (4-7). In humans,
cataracts of various appearances were found to be associated
with mutations in the CRYBB2 (8), CRYBAI (9) and CRYAA
(10) genes. Reactivation of the CRYGE pseudogene mutated in
the promotor region and overexpressing the improperly folded
incomplete single motif protein was found in a family with the
hereditary Coppock-like cataract (11), which was later deter-
mined to be due to mutation in the CRYGC (12). Finally, cata-
racts with either dust-like opacities or with aculeiform
phenotype were determined to be caused by mutation in the
CRYGD gene (13,14). In some of the above-mentioned cases,
the problem of causative explanation of the cataract phenotype
seems to depend much, if not entirely, on understanding the
propensity of the respective mutant crystallin to form deposits.
A need for understanding the protein structural basis that under-
lies formation of protein aggregates has already been recog-
nized and attempts have been made to accumulate relevant
information. Up to now, the most advanced results in this
direction were obtained by molecular modeling of the R14C
CRYGD structure (13). These results confirm a substantial role
for protein surface residues but, however plausible in general, do
not unequivocally solve the problem as to how the altered
primary structure may project itself into macroscopic proper-
ties of the mutated protein. We believe that our present study
further establishes the structural basis of pathogenicity of
mutant crystallines. In this report we describe a novel allele of
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the CRYGD gene that confers R36S mutation and is associated
with unique deposition of crystals of the mutant gene product in
the eye lens. As detailed below, X-ray diffraction data were
obtained with isolated crystals of R36S mutated CRYGD and
the solved crystal structure has directly shown that the muta-
tion may fundamentally promote the crystal packing.

RESULTS

Microscopic analysis and histochemistry of the aspirated
lens material

The lens extract smears showed crystals slightly stained by the
Giemsa—May—Gruewald technique, resistant to Sudan dyes, to
0.1 N HCI, to 0.1 N NaOH and to chloroform-methanol
extraction. There was no detectable acid phosphatase activity
either around the crystals or in the rest of the smeared lens
fibers. When suspended in phosphate-buffered saline (PBS)
the crystals were macroscopically prismatic, pleiochroic and
birefringent (Fig. 1b and c).

Ultrastructure

Many of the lens fiber cells displayed ultrastructure which
could be classified as normal. There was a uniformly fine
granular appearance of the cytoplasm and varied outline of the
cell borders which were either even and almost linear, or
highly undulating (ball-and-socket arrangement). Some were
present as invaginations, which were either small (vermiform) or
large (globular) up to 1 pM in diameter, from the neighboring
cells. The invaginations, especially those of highly dense cyto-
plasms, could be distinguished from residential cell inclusions
by the presence of gap junctions which were frequently seen as
focal around 0.5 pM long plaque-like structures marking the
cell membranes. Similar structures with highly irregular
outlines were seen without apparent gap junction structures.
There were marked differences in density of individual fiber
cells ranging from very light to very dense. There were foci of
massive globular cytoplasmic transformation with cytoplasmic
globules 0.1-0.6 uM in diameter. The surface of the globules
was covered by either a single or multilayered periodic
membrane system of uncertain origin. The crystals were seen
in a small number of cells of the sample processed for electron
microscopy. They were either deposited free in the cytoplasm
(Fig. 2a) or surrounded by concentrically arranged membranes
(Fig. 2b and ¢) in foci rich in globular transformation.

Characterization of crystals

Resistance of the crystals to the above-mentioned procedures
suggested their protein nature. To determine their protein
identity, isolated crystals were analyzed on a 10-20% gradient
SDS-PAGE gel. The gel was stained with Coomassie blue.
The resulting predominant protein (20 kDa band) (Fig. 3b) was
cither transferred on polyvinylidene difluoride (PVDF)
membrane and sequenced using automatic Edman degradation
or cut from the gel, trypsin digested and subjected to matrix-
associated laser desorption ionization time-of-flight (MALDI

TOF) mass spectrometry analysis. Both the 17 amino acid N-
lerminal sequence (I’t;_'__ 3b) and the 40% sequence coverage
(for further increase, see below and Fig. 3d) showed the protein

Figure 1. (a) Patient’s lens before surgery with numerous transparent longitudinal
crystals reaching 1.0 mm in length, with a higher density in the fetal and infantile
nucleus and a lower density in the lens cortex. A fine diffuse granular opacity
was observed in the nucleus. In the lens cortex, grayish lines were present
extending from the center towards the periphery as well as larger, irregular
opacities concentrated mainly in the periphery. No pathology was observed by
biomicroscopy in the conjunctiva, cornea, anterior chamber, iris or retina.
(b) Isolated crystals suspended in PBS. Unstained (phase contrast), X375, (¢) The
same as in (b), in polarized light, X375



Figure 2. Electron micrograph of the removed lens tissue. (a) Large crystal
deposited in the cytosol of the lens fibre cell, x6000. (b and ¢) Foci of extensive
lens cell degeneration with globular cytoplasmic transformation. The globules
are 0.1-0.6 uM in diameter, with surfaces often covered by concentric membranes
forming layers of various thickness. Bulky membranous coverings (of uncertain
ongin) surrounding also the crystal deposits, <6000

to be human yD-crystallin (CRYGD) (NCBI Protein Database
accession no, [77413).

DNA sequencing and mutation analysis

Sequence analysis of the propositus CRYGD gene showed a

hete P & 2
heterozygous transversion in the coding region of exon 2

[109CA in the corresponding cDNA (Fig. 3a)]. This mutation

Human Molecular Genetics, 2000, Vol. 9, No. 12 1781

predicts an arginine to serine change at position 36 (R36S) of
the processed, initiation-methionine-lacking protein. The
predicted R36S replacement in the processed CRYGD was
confirmed at the protein level by mass spectrometry of tryptic
peptides of the crystal-forming protein (Fig. 3d) showing the
expected mass difference in the fragment spanning amino
acids 32-58 as well as perfect CRYGD identity in the
remaining coverage of ~75% of the polypeptide length (see
above).

No mutation was identified either in the mother or in the
healthy sibling of the propositus and in the 100 independent
control alleles, using PCR-RFLP analysis (Fig. 3c). No DNA
was available for analysis from the father, who died accidentally
at age 33 years. He suffered from easily correctable myopia
and there were no signs of an overt cataract on ophthalmologic
examination of his eye fundus carried out by the ophthal-
mologist who examined the proband.

Protein crystallography

A striking feature of the R36S yD-crystallin-composed crystals
obtained from the lens deposits was their ability to diffract X-rays
so that they provided fully measurable sets of reflections. From
the viewpoint of protein crystallography, the crystals were of
suboptimal quality (mosaicity: 0.9°, B value from the Wilson
plot: 55 A?), but allowed us to solve the crystal structure
(Fig. 4). We solved the structure of human R36S-mutated
CRYGD by molecular replacement using the known structure of
bovine CRYGD (15) as a search model. The unit cell dimensions
at 100K are: a = 5424 A, b=81.98 A and ¢ = 105.54 A. The
space group is P2,2,2, with two molecules of CRYGD per
asymmetric unit (termed A and B). In the refinement of the
crystal structure, 22 930 reflections were used (working set
21 753, test set 1177). The structure is presently refined to
R/Rfree 26.4%/28.6% (by slow-cooling protocol of simulated
annealing with non-crystallographic symmetry applied; no ¢
cut-off). A total of 342 residues plus 25 solvent molecules were
refined (total 2823 atoms). The model lacks the C-terminal amino
acids 172 and 173, where the electron density is poor. The
stereochemistry of the final model shows that 259 residues
(85.8% of the total 302 non-end, non-glycine and non-proline
residues) have most favored main-chain dihedral angles, and
43 residues (14.2%) have additional allowed angles. Omit
density maps clearly indicate the presence of serine side chains in
both molecules at amino acid position 36, and make it obvious that
the bulky arginine side chains cannot be accommodated there in
any rotamer position. Although the protein fold of the mutated
human CRYGD (Fig. 4d) is almost identical to that of bovine
CRYGD, the respective molecular contacts (Fig. 4a, b and c¢)
differ substantially. In crystals of bovine CRYGD (15) the side
chains of arginine 36 do not point towards neighboring protein
molecules. The structure determined for R36S human CRYGD
shows that the Ser36 side chain of molecule A interacts with
Asn24 of molecule B and the Ser36 side chain of molecule B
points to Asn24 of the symmetry-related molecule A’ (SerOyto
AsnNd distances being 3.0 and 2.7 A, respectively) (Fig. 4b
and c).

[t is believed that many structural features determine the
relative orientation of molecules in crystal lattices, the distribution
of the surface charges being prominent among them. The
absence of the Arg36 charge (Fig. 4e) could be seen as the
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Figure 3. (a) Genomic sequence of CRYGD exon 2. Heterozygous C—A transversion in proband is shown above the normal sequence. (b) The extracted lens
proteins (lanes 2-4) and dissolved isolated crystals (lane 6) analyzed on 10-20% gradient SDS-PAGE gel and Coomassie blue R stained. Lanes 5 and 7 represent
less effective 1solation procedures (gradient centrifugation fractions); lanes 1 and 8, molecular weight markers. (¢) PCR—RFLP analysis of exons 1 and 2 genomic
fragments showing mutation-induced loss of Bsh1236l restriction site in the proband (lane 6) but not in the mother (lane 5) and healthy sibling (lane 4). Lanes 1
and 7, DNA size markers; lane 2, non-cleaved PCR product; lane 3, control sample. (d) yD-crystallin crystal tryptic map showing abnormal MH+3129 kDa and
3145 kDa masses resulting from the absence of the Arg36 cleavage site matching the R36S amino acid exchange, Mass of non-mutant tryptic peptide 36—58 is
apparently absent

factor promoting the resultant orientation of the molecules and, ~ DISCUSSION

in turn, the crystal formati g athogenesis). At least, with .
the crystal formation (and pathog ) : Our case belongs to an extremely rare group of cataracts

associated with crystal deposition. Exhaustive survey of the
literary data showed, however, that the crystals described so
far were composed of cholesterol, amino acids or calcium salts
(16). The lens crystals strongly resembling those of our case

all caveats of the complicated theory of mechanisms and
kinetics of crystal formation, the missing charge can be seen as
the feature that decreases the solubility of the R36S-mutated
protein, Protein crystallography, however, gives us the most

solid and clear-cut clue to the pathogenic crystal formation: the  \yere described in a case of crystalline cataract associated with
crystals cannot form with wild-type protein (either as the major  yncombable hair (17). However, the crystals were suggested to
or as an admixed component) because of steric hindrances be composed of cystine due to their high sulphur content. To
imposed by the bulky Arg36 side chains. It is tempting t0  the best of our knowledge, our case represents the first cataract
extend this line of reasoning to explain at least qualitatively the caused by deposition of defined crystallized protein, proved to
dominance of the mutant allele: the molecules of the protein be CRYGD. CRYGD gene analysis 1dentified a single trans-
product of the normal allele cannot, because of steric version in heterozygous state (cDNA 109C—A) predicting
findrance, enter (and perturb) the crystals that form with the R37S substitution (of unprocessed protein) at the protein level.

pathogenic product T'he mutation was absent in both the patient’s mother and
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prother and in the control series. The father’s DNA sample was
not available for analysis; however, his vision was reported by
an ophthalmologist to be unaffected and no signs of a cataract
were present. As hereditary congenital cataracts tend to be fully
penetrative (18), we think that the mutation of the propositus
arose de novo (cave! pater semper incertus).

The predicted R36S replacement in the processed CRYGD
was confirmed at the protein level by mass spectrometry of
tryptic peptides of the crystal-forming protein (Fig. 3d) showing
the expected mass difference in the fragment spanning amino
acids 32-58 as well as perfect CRYGD identity in the
remaining coverage of ~75% of the polypeptide length. This
finding, taken together with high conservation of the said argi-
nine residue (scoring 35 among 36 CRYGD homologs cloned
from various species, MAXHOM alignment; http://
dodo.cpmc.columbia.edu ) provides conclusive evidence for
the pathogenic nature of the product of the mutant allele.
Mutations in CRYGD were recently proved to be cataracto-
genic, but leading to non-crystalline deposits. The R14C
mutation led to non-crystalline punctate opacities (13), whereas
the RS8H mutation was associated with the aculeiform phenotype
(14). Our R36S mutation was uniquely associated with formation
of protein crystals in situ, whereas all other crystal-forming
lens deposits described so far proved to be of uncertain (17) or
non-protein (16) nature. The X-ray diffraction measurements
with crystals of human mutant R36S CRYGD extracted from
the patient’s lens enabled us to solve the crystal structure. This
structure is the second ever solved for a member of the
CRYGD family [the first being that of non-mutated bovine
CRYGD (15), used by us as the search model in molecular
replacement]. For comparative purposes, results of the protein
crystallography study can be divided into two categories:
(i) those elucidating the three-dimensional build-up of the
mutated human CRYGD molecule; and (ii) those showing the
arrangement of the molecules within the crystal lattice.
Regarding the former, protein folds in R36S CRYGD and in
the related wild-type molecule bear the closest resemblance, as
could be expected also from the high homology of primary
structures, The distinguishing feature is the crystal packing: in
the structure of R36S CRYGD different contacts appear, and
this is impossible with wild-type molecules. These contacts,
inter alia, make the crystals of the mutant protein somewhat
denser. Further, even though there is nothing that would
prevent the molecules of mutant R36S CRYGD from forming
the same contacts as the related wild-type molecules (15), such
crystal packing has not actually occurred in the pathogenesis.
All this taken together with consideration of the possible
effects of elimination of the R36 surface charge, points to an
inherent tendency of the mutant protein molecules to form
permanent mutual contacts more easily than their wild-type
counterparts. Needless to say, even with solid protein
structural knowledge a broad variety of modalities are to be
expected to take part in the triggering and progression of
crystal growth. Thus, what remains to be explained are the
epigenetic phenomena that govern the non-uniform pattern of
deposition of the crystals within the cell population
(suggesting the importance of local conditions) and the patho-
genesis of the accompanying cell degradation. It is highly
probable that the mutant CRY GD also exists in an alternative
ageregate state represented by the dense amorphous globules,

corresponding to its coprecipitate with both a- and B-crystal-
lins in cold-induced experimental cataract (19).

Apart from this, this specific case permitted an unexpectedly
straightforward protein crystallographic interpretation. Such
ease may, in a more general context, only strengthen the
rationale for the current trend to use X-ray crystallography in
conjunction with structural genomics (20).

MATERIALS AND METHODS

Patient

A S-year-old boy suffering from photophobia and decreased
visual acuity (symbol test chart 0.17 in his right eye and 0.15 in
his left eye) due to symmetrical crystal deposition and greyish
opacities in both lenses (Fig. la) underwent uncomplicated
bilateral extracapsular cataract extraction by simple aspiration
with intraocular lens implantation. There were no other clinical,
pathological or biochemical findings, including hair abnor-
malities. On slit lamp examination there was a normal finding
on the conjunctiva, cornea, anterior chamber and on the iris. In
both lenses there were numerous transparent longitudinal
crystals, some of them reaching 1 mm length with axes
randomly oriented. The crystals were evenly distributed
throughout the lens with a slightly higher density in the central
area. The lens substance in between the crystals and the opacities
was clear. The ophthalmoscopic examination of the fundus
revealed normal finding. The child underwent uncomplicated
successive extracapsular cataract extraction with anterior and
posterior circular capsulotomy, anterior vitrectomy and
intraocular lens implantation in both eyes, 2 and 5 months afier
the initial examination. The lens material was aspirated by
canula, the anterior chamber being maintained by irrigation
with Ringer’s solution. Subsequent examinations were carried
out 4 and 7 months after the surgery showed quiet eyes with
visual acuity 0.66. There were no other clinical findings,
including hair abnormalities (see Discussion). Routine
biochemical examinations, serum and urinary lactate, pyruvate
and 3-OH butyrate concentrations, amino acid and urinary
organic acid profiles, and serum galactitol concentration were
within control range.

Staining procedures and tissue processing

The smeared lens extract was stained with Giemsa—May—
Gruewald, examined under fluorescence and polarization
microscopy. Acid phosphatase activity was examined using
naphthol ASBI phosphate and hexazonium pararosaniline as
coupler (21). Solubility was tested using dried acetone (15 min
at room temparature) and chloroform:methanol 2:1 (1 h at
room temparature) and 0.1 N HCI (15 min at room temparature).
Lipid nature was tested with Sudan Black B. Part of the
extracted lens was fixed with 10% paraformaldehyde, dehydrated
and embedded into araldite—epon mixture. Semi-thin sections
were stained with alkaline Toluidine blue, the thin sections
were double contrasted and examined with a JEM 100B micro-
scope.

Crystal isolation

The lens aspirate was methanol-fixed on the microscope slide
and the crystals were picked up under an inverse microscope



using a Pasteur pipette and collected in an Eppendorf tube.
They were washed with distilled water, solubilized in SDS-
containing buffer and analyzed by 10-20% gradient SDS—
PAGE. The predominant 20 kDa protein band was electro-
blotted on a PVDF membrane and microsequenced using
Edman degradation on an LF3600D Protein Sequencer
(Beckman Instruments, Fullerton, CA). Search in sequence
databases was done using the BLAST algorithm (http:/
www.ncbi.nlm.nih.gov ). For mass spectrometry analysis, the
band was excised from the SDS-PAGE gel and digested by
trypsin. The resulting peptides were extracted into 40%
acetonitrile in 1% TFA and analyzed on a MALDI-TOF
Bruker Biflexmass spectrometer (Bruker-Franzen, Bremen,
Germany), as described (22). Protein identity was elucidated
using online resources (http://prowl.rockefeller.edu/cgi-bin/
ProFound and http://falcon.ludwig.ucl.ac.uk/mshome3.2.htm ).

CRYGD gene amplification and sequencing

The genomic sequence of CRYGD gene was obtained from
GenBank database (accession nos K03006 and K03005). The
following primer pairs containing universal sequencing over-
hangs (underlined) were used for PCR amplification of two
genomic fragments:

exons | and 2:

upper primer: 5-GAAACAGCTATGACCATGGCCCCTTT-
TGIGEGGFICTTGE-3";

lower primer: 5-ATACGACTCACTATAGGGCGACTGAT-
CGCTACTTCTAATGT-3’

exon 3:

upper primer: 5’-GAAACAGCTATGACCATGCACACTTG-
EETFECTICTCTTIT-5

lower primer: 5-ATACGACTCACTATAGGGCAAGACA-
CAAGCAAATCAGTGCC-3".

DNA templates were amplified using KlenTaqg DNA
polymerase (Ab Peptides, St Louis, MO) and standard PCR
conditions (94°C for 5 min; 35 cycles of 94°C for 20 s, 60°C
for 30 s, 74°C for 30 s; and final extension at 74°C for 10 min).
Both fragments were subsequently gel purified and cycle
sequenced on both strands using Cy5 5’-labeled T7 and reverse
primers (Generi Biotech, Hradec Kralové, Czech Republic).
The sequences were analyzed on AlfExpress sequencer and
read using the ALFWIN software (Pharmacia, Uppsala,
Sweden). The sequence analysis was performed on a control,
mother, brother and propositus genomic DNA samples isolated
from blood (Qiagen, Hilden, Germany).

To confirm the mutation found in the propositus and to be
able analyze the family members and controls, the analysis of
the mutation destroying restriction site for Bsh12361 (MBI,
Vilnius, Lithuania) was performed. PCR products of exons 1
and 2 were digested for 3 h according to the manufacturer’s
instructions. Resulting fragments were analyzed on 12%
denaturing polyacrylamide gel and visualized using the
ethidium bromide staining (Fig. 3c).

Protein crystallography

Several crystals, ~0.15 % 0.15 x 0.5 mm from the lens tissue
extract were transferred to PBS buffer with 25% (v/v) glycerol
and flash cooled in 100 K nitrogen stream for measurements.
Data were collected to 2.25 A resolution at ESRF (Grenoble,
France), beamline ID 14 EH3 [R, e 6.2% (23% for highest

merge
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resolution shell); data completeness 99.6% (99.0%)]. The
space group was determined from the systematic extinction of
axis reflections and confirmed by Patterson synthesis and
molecular replacement. Raw data were processed using the
programs Denzo (23) and Scalepack (24) and converted into a
unique set of structure factor amplitudes. The initial model was
obtained by molecular replacement using the program Epmr
(25) and one molecule of bovine CRYGD (26) (PDB code
lelp). Mutations of the bovine to the human amino acid
residues and the choice of the side chain rotamers were done in

all 23 differing positions: the requirement for substitution was

in most cases visible also from the differential electron density

map. The structure was refined using the CNS package (27)

and Shelxl (28), and non-crystallographic symmetry was

included through restraints; manual model building was done

using the program O (29).
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Summary

Background: Since the demonstration that the prote-
ase of the human immunodeficiency virus (HIV Pr) is
essential in the viral life cycle, this enzyme has become
one of the primary targets for antiviral drug design. The
murine monoclonal antibody 1696 (mAb1696), produced
by immunization with the HIV-1 protease, inhibits the
catalytic activity of the enzyme of both the HIV-1 and
HIV-2 isolates with inhibition constants in the low nano-
molar range. The antibody cross-reacts with peptides
that include the N terminus of the enzyme, a region that
is highly conserved in sequence among different viral
strains and that, furthermore, is crucial for homodimer-
ization to the active enzymatic form.

Results: We report here the crystal structure at 2.7 A
resolution of a recombinant single-chain Fv fragment of
mAb1696 as a complex with a cross-reactive peptide
of the HIV-1 protease. The antibody-antigen interactions
observed in this complex provide a structural basis for
understanding the origin of the broad reactivity of mAb-
1696 for the HIV-1 and HIV-2 proteases and their respec-
tive N-terminal peptides.

Conclusion: A possible mechanism of HIV-protease in-
hibition by mAb1696 is proposed that could help the
design of inhibitors aimed at binding inactive monomeric
species.
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Introduction

Mature viral proteins of the human immunodeficiency
virus (HIV) are obtained by posttranslational cleavage
of the Gag, Gag/Pol, and Env viral polyprotein precur-
sors. The Gag and Gag/Pol polyproteins, in particular,
are cleaved by a viral protease, which is itself contained
within the Gag/Pol polyprotein chain. Since the demon-
stration that the human immunodeficiency virus prote-
ase (HIV Pr) is essential in the viral life cycle [1-3], this
enzyme has become one of the primary targets for anti-
viral drug design. This has led to the development of
many active-site inhibitors, some of which are currently
in use as therapeutic agents for AIDS treatment [4]. In
order to be proteolytically active, two protease monomers
must assemble into a homodimer, with each subunit
contributing residues to the substrate binding pocket,
including residue Asp-25, which is directly involved in
the catalysis [5]. The requirement for protease dimeriza-
tion to achieve proteolytic activity has led several au-
thors to propose alternative noncompetitive inhibitors
that would provoke the dissociation of the active homo-
dimeric assembly [6-8].

With the objective of probing the structural stability
of HIV Pr and the eventual design of potential inhibitors
of the enzyme that are directed to regions other than
the active site, we have examined the effects of anti-
HIV-1 Pr monoclonal antibodies (mAbs) on the catalytic
activity of the protease [9, 10]. We have recently reported
a preliminary study of mAb1696, which, although raised
against the HIV-1 Pr, inhibits the catalytic activity of both
the HIV-1 and HIV-2 enzymes with inhibition constants
of 0.6 nM and 1.5 nM, respectively, at pH 7.4 [11]. This
study also showed that mAb1696 cross-reacts with pep-
tides containing the N terminus of the HIV protease. The
N-terminal region accounts for a large percentage of the
interface between the two HIV Pr monomers because it
interdigitates with the C-terminal segment from the
other monomer, thus forming a 4-stranded intermolecu-
lar B-pleated sheet in the active homodimer. We pro-
posed that mAb1696 inhibits HIV Pr by perturbing the
native structure of the enzyme at the dimer interface
[11]. In addition, a clustering of negatively charged resi-
dues at the antigen binding site was observed in the
unliganded Fab crystal structure, which suggested that
electrostatic forces play an important role in the interac-
tion between mAb1696 and HIV Pr.

To investigate further the mechanism of HIV Pr inhibi-
tion by mAb1696, we have now expressed a single-
chain Fv fragment (scFv} in E. coli, which contains both
1696 variable domains joined by a flexible linking pep-
tide. Such scFv constructs, which retain the full antigen
binding capacities, are the object of very active re-
search. Firstly, they are of interest for structural studies
because they usually yield crystals diffracting to higher
resolution than the corresponding Fab fragments on

Key words: single-chain Fv; cross-reactivity; HIV protease; dissocia-
tive enzyme inhibitor; inhibition kinetics; crystal structure
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account of their smaller size and decreased interdomain
flexibility. Secondly, since they are expressed in bacte-
ria, they are also well suited for binding, mutagenesis
and protein engineering studies [12]. In this paper, we
report the three-dimensional structure at 2.70 A resolu-
tion of a complex formed between scFv1696 and peptide
PQITLWQRR, whose sequence derives from the N termi-
nus of the HIV-1 Pr. (The additional arginine residue
was added to the C terminus to increase solubility.) The
structure of the complexed scFv1696 is compared with
the free Fab1696 structure reported earlier [11]. On the
basis of the interactions seen in the complex, the cross-
reactivity between mAb1696 and the HIV-1 and HIV-2
protease and their N-terminal peptides can be explained.
In addition, a mechanism of HIV Pr inhibition by mAb-
1696 is proposed that may help the design of alternative
HIV protease inhibitors, aimed at dissociating the homo-
dimeric viral enzyme.

Results and Discussion

Inhibition of HIV-1 Pr and HIV-2 Pr by scFv1696

The recombinant single-chain fragment scFv1696 was
lound to have essentially the same inhibitory capacities
as those previously found for Fab1696 or for the com-
Plete antibody molecule [11]. Inhibition kinetics of the
Protease in the presence of scFv1696 were measured by

following the rate of substrate cleavage using reverse-
phase HPLC (see Experimental Procedures). The kinetic
data were used to estimate the initial reaction velocities
of HIV-1 Pr and HIV-2 Pr for each concentration of inhib-
iting scFv1696. These were normalized to the initial reac-
tion velocity in the absence of inhibitor and were plotted
as a function of scFv1696 concentration (Figure 1). Inhi-
bition constants were evaluated by fitting the following
equation, which describes the tight binding inhibition
model [13], to the experimental points of the graph:

vifvp, =1

{E] + (1] + Kan — V((E] + 1] +
K — 4[EINNDM(2[ED), (1)

where [E] and [l] are the protease concentration (held
constant) and the scFv1696 concentration, respectively,
for the i" run; K., is the apparent inhibition constant, and
v, and v, are the initial reaction velocities for scFv1696
concentrations 0 and [l], respectively.

The inhibition constants, K., thus obtained for the
scFv1696 were 0.6 nM for HIV-1 Pr and 5.5 nM for HIV-2
Pr. The inhibition curves can also be used to obtain
the concentration of scFv1696 equivalent to the total
amount of active sites present in the reaction mixture.
Thus, the calculated stoichiometry of the complexes
are 0.9:1 for the scFv1696/HIV-1 Pr and 1.0:1 for the
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Table 1. Data Collection and Refinement Statistics

Data Collection Statistics

Resolution

Shell (A) Unique  Rpege (%)  Completeness (%)

30.00 5.80 1,285 5.4 94.8
5.80 4.61 1,296 5.4 98.0
4.61 4.03 1,285 6.2 98.1
4.03 3.66 1,291 9.0 98.2
3.66 3.40 1,285 10.4 98.5
3.40 3.20 1,259 133 a7.7
3.20 3.04 1,237 16.5 96.8
3.04 2.9 1,260 21.2 96.8
291 2.80 1,254 26.3 95.7
2.80 2.70 1,168 323 92.8

All reflections 12,620 9.7 96.7

Refinement Statistics

Resolution 30.0 A-2.70 A
Reflections 11,202
R factor 0.229
; 0.287
Number of amino acid residues 476
Number of solvent molecules 53
Number of protein nonhydrogen atoms 794
Rmsd
Bond lengths 0.007 A
Bond angles 1.44

scFv1696/HIV-2 Pr complex, which agree with values
found previously for Fab1696 and IgG1696 [11].

Quality of the Model and Overall Structure
Refinement statistics from the scFv1696-peptide crystal
structure are given in Table 1. The final model includes
113 residues for the light chain and 120 residues for the
heavy chain for each of the two scFv1696 molecules in
the asymmetric unit. The two crystallographically inde-
pendent complexes were tightly restrained during re-
finement by imposing the noncrystallographic symmetry
relating them (see Experimental Procedures). All resi-
dues from the model fall into favorable or allowed re-
gions of the Ramachandran energy space, with the ex-
ception of Ala-51L, since this residue forms a y turn [14],
which is characteristic of the unique canonical confor-
mation of CDR-L2. Residues belonging to the hypervari-
able loops were well defined in the electron density map,
and the bound peptide could be unambiguously traced
for six of its nine residues from Pro-P1 to Trp-P6 in both
complexes present in the asymmetric unit (Figure 2).
Although some weak density is visible for main chain
atoms of GIn-P7, this residue is not included in our
current model. Other missing residues from our model
belong to the flexible (Gly.Ser), linker, which connects
the C terminus of the light chain to the N terminus of
the heavy chain. A total of 53 well-defined water mole-
cules have been placed using difference maps. Of these,
32 are conserved between the two molecules.

Peptide-Antibody Interactions

In the scFv1696-peptide complex, the antigenic peptide
adopts an extended conformation in a shallow groove
that runs across the antigen binding site. This binding
groove is partially closed at the N-terminal end of the

peptide but is more open to the solvent at its C terminus,
where the peptide, although not visible in this region,
presumably extends out from the antigen binding site.
The total molecular surface area buried upon complex
formation is 498 A’ for the peptide (representing 72%
of its total accessible surface area of the six N-terminal
residues) and 443 A? for the antibody. Overall, the inter-
action is reminiscent of that seen in MHC-peptide com-
plexes, with a few residues from the antigen being buried
in specificity pockets, serving as anchor residues, and
others pointing toward the solvent, making only a few
or no contacts [15].

The antigenic peptide interacts primarily with the
heavy chain of the antibody. This is reflected in the
buried surface area per CDR upon complex formation,
where that from the heavy chain accounts for 70% of
the total buried surface. The hypervariable loops CDR-
H1 and CDR-H2 of the antibody establish the largest
number of van der Waals contacts (Figure 3) and ac-
count for eight of the nine hydrogen bonds seen in the
complex (Table 2). As seen in other antibody-peptide
complexes, hypervariable region CDR-L2 does not con-
tact the antigen [16]. With the exception of peptide resi-
due Thr-P4, whose side chain points toward the exterior
of the antigen binding groove and does not make any
contact with the antibody, the remaining ordered resi-
dues from the peptide establish several contacts. The
most extensive polar interactions are made by GIn-P2,
which is buried in a pocket formed by residues protrud-
ing from CDR-H1 and CDR-H2, losing 76 % of its solvent-
accessible surface upon binding. As confirmed by the
low temperature factors for its main and side chain
atoms, this residue is well stabilized by several polar
interactions with the antibody (Table 2). Two other resi-
dues, Pro-P1 and Trp-P6, lose 68% and 81%, respec-
tively, of accessible surface area upon complex forma-
tion. Pro-P1 and Trp-P6 are buried in pockets formed
by acidic residues Asp-H31 and Asp-H98, respectively,
and by hydrophobic residues Phe-L94 and Tyr-H47, re-
spectively. The formation of a hydrogen bond between
the secondary amino group of the N-terminal Pro-P1
and the carbonyl group of Asp-H31 is consistent with
our observation that mAb1696 recognizes the mature
processed form of HIV-1 Pr, but not a precursor form
containing 20 amino acids upstream from the cleavage
site. In the latter unprocessed form, the main chain sec-
ondary amide group of the proline residue is not cap-
able of hydrogen bond formation. Furthermore, the pres-
ence of a partially closed pocket containing negatively
charged residues could neutralize the positive charge
of the N terminus of the peptide or the mature protease.
Toward its C-terminal end, by contrast, recognition does
not seem to be restricted by the length of the peptide,
as shown by the broad reactivity between scFv1696 and
longer peptides like P1-P13 or the entire protease. The
rather small number of well-ordered peptide residues
in the binding groove compared with other antibody-
peptide complexes is probably compensated by the
large percentage of buried surface area upon complex
formation. Furthermore, the large hydrophobic interac-
tion could offset a high entropic cost due to the high
mobility of the peptide in solution [17].
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Figure 2. Stereo View from above the Antigen Binding Site
An omit-electron density map calculated with coefficients (F.-F.) and phases from the refined model without the peptide residues, contoured
at 2.5 rms level. The V,; domain is in red, the V. domain is in violet, and the peptide and solvent molecules are in green.

Comparison between the Complexed scFv1696
and the Free Fab1696 Structures
To evaluate the contribution of conformational changes
within the antigen binding site upon formation of the
antibody-peptide complex, the scFv1696-peptide com-
plex was compared with the variable dimer of the nonli-
ganded Fab1696 structure [11]. The crystallographic
asymmetric unit of the scFv1696 complex contains two
molecules that have been tightly restrained by the non-
crystallographic symmetry relating them. Therefore, only
one molecule of scFv1696 is used here for comparison.
The overall rms difference in the a-carbon positions
of the variable dimers is 1.04 A after superposition. Part
of this deviation is due to a difference in the relative
orientation between the V, and V, domains of the com-
plexed and nonliganded states of 1696. Thus, after su-
perimposing the V. domains of the two forms, the V,
domain of the free 1696 variable dimer required an addi-
tional 4.3" rotation about its centroid (and a 0.2 A transla-
tion) to give optimum superposition onto V,, of the com-

(H1)

N

AspH98

HisH97

(H3)

ThrP4 (Ser)

HisL.27D

plexed form. Superimposing the V., and V., domains
individually gives an rms difference in a-carbon posi-
tions of 1.20 A and 0.51 A, respectively. These differ-
ences result mainly from the adaptation of the CDRs to
the antigen upon complex formation (see Figure 4). The
most conspicuous differences occur within CDR-H3,
which undergoes a large conformational change upon
complex formation. When CDR-H3 is excluded from the
same pairwise comparison, the rmsd is 0.49 A. Indeed,
all a-carbon atoms of the segment comprising residues
Arg-H96-Glu-100A move by more than 2.0 A between
their antigen-bound and free states, with the a-carbon
of Tyr-H99 deviating by 7.0 A (Figure 4). Two of these
residues, His-H97 and Asp-H98, establish direct van der
Waals contacts with Pro-P1 from the antigenic peptide
(Figure 3). This large conformational change thus results
in the formation of a binding site with significantly differ-
ent topology from that of the free Fab1696 (Figures 4
and 5). Hence, the recognition of the antigenic HIV-1 Pr
peptide by mAb1696 provides a clear example of an

Figure 3. Schematic View of the scFv1696-
Peptide Complex
All scFv1696 residues in contact with the pep-
tide are indicated

AsnHS2
l ThrHS2A

(H2)

| TrpllS0 1

C
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Table 2. Polar Contacts in the scFv1696-HIV-1 Pr-Peptide
Complex

ScFv1696 Distance Distance
Peptide Atom Atom scFv1 (A) scFv2 (A)
Pro P1 N Asp H31 O 2.40 2.79
Gin P2 Ne2 Thr H30 O 2.72 2.82
Gin P2 N Asp H31 0 3.24 3.23
Gin P2 Oe€l Ser H33 Oy 2.76 2.96
Gin P2 Oel Asn H52 051 21 3.07
Gin P2 Oel Thr HS2A N 2.89 2.1
Gin P2 Ne2 Thr H52A O+y1 2.98 3.22
lle PAN Ser H33 Oy 317 313
Trp P6 Nel Gly L91 O 2.73 2.81

induced fit mechanism for antibody-antigen recognition.
Other examples include the recognition of a hemaggluti-
nin peptide by antibody 17/9 [18] and the peptide 36-46
from the HIV-1 Pr [10]}, where large conformational
changes in CDR-H3 are also associated with peptide
binding. Of note, the presence of glycine at position 100
in CDR-H3 of mAb1696 (as with Gly-H100B in mAb 17/9
and Gly-H100C in mAb F11.2.32) allows for a larger flexi-
bility of this hypervariable loop.

Conformation of Peptide

The six well-ordered residues from the antigenic peptide
adopt a rather extended structure, with several of its
backbone torsion angles (residues P2, P3, P4) lying in
the B region of Ramachandran space. In contrast to
several other peptide-antibody complexes, where the
peptide ligand adopts a more compact conformation
such as p turns [17], the HIV-1 Pr peptide has no intra-
molecular interactions that would stabilize the observed
conformation in solution. The conformation adopted by
the bound peptide is roughly similar to that seen in
the native protease, since the 20 main chain atoms of
residues P1-P6 can be superimposed with the corre-

sponding atoms from the HIV-1 Pr with an overall rmsd
of 1.8 A (Figure 6). Nevertheless, the detailed conforma-
tion of the segment P1-P6 is different in the two struc-
tures. In particular, the orientations of the side chains
of the N- and C-terminal residues bear no similarity to
those in the corresponding segment in the protease.

Cross-Reactivity with HIV-2 Pr N-Terminal

Peptide PQFSLWKR

Although mAb1696 was obtained by immunization with
the entire HIV-1 Pr, it is nevertheless able to cross-react
with HIV-2 Pr with a 3-fold increase in affinity [11]. In
addition, peptides containing the N-terminal region of
HIV-1 Pr, such as P1-P7 or P1-P13, are able to effec-
tively compete with the protease in binding to the an-
tibody.

Even though we have not succeeded so far in crys-
tallizing the complex formed between mAb1696 and the
protease, it is of interest nevertheless to interpret the
cross-reactivity in light of our current crystal structure.
In the crystal structure of the scFv1696-HIV-1 Pr peptide
complex, several residues of the antigenic peptide are
deeply buried in complementary pockets formed by anti-
body residues. This would impose constraints on se-
quence variability at these positions in order for antigen
recognition to be maintained. The cross-reactivity of
1696 with the HIV-2 Pr peptide thus probably stems
from the invariance between the two isolates of the four
residues situated at positions P1, P2, P5, and P6 of the
protease sequence and the conservative substitutions
lle-P3 — Phe and Thr-P4 — Ser, all of which lose more
than 60% of their accessible surface area upon complex
formation. The substitution GIn-P7 — Lys and further
substitutions beyond position 7 would probably not af-
fect the interaction, although they could affect the un-
bound conformation of the antigen. Other amino acid
substitutions at position 4 should be tolerated since the

Figure 4. Comparison of the Varable Do-
mains of Noncomplexed Fab1696, PDB Entry
1¢17, with the scFv1696 Peptide Complex
(a) A side view

(b) Viewed from above the antigen binding
site.

The noncomplexed state is shown in blue,
the complexed state is shown in yellow, and
the peptide is shown in red. Superpositions
were made by optimizing the comespon-
dence between the V, domains.
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Although docking one subunit only of the native prote-
ase also generates steric hindrance, the N- and C-termi-
nal segments are probably disordered in the absence
of the 4-stranded intermolecular antiparallel 3 sheet,
which maintains the dimeric structure. Indeed, a mature
protease monomer lacking residues 1-4 has been
shown by NMR to be significantly unfolded in the ab-
sence of an active-site inhibitor [20]. It is possible that,
during immunization, the protease was presented in a
partially denatured monomeric form and that mAb1696
was elicited against a nonnative structure of the enzyme.
This possibility has also been proposed for the anti-
HIV-1 PrmAb F11.2.32 [10] and the anti-polymerase Taq
antibody TP7 [21], where the authors suggest that TP7
would trap a conformer within a set of thermodynami-
cally accessible conformations of the enzyme.

Two hypotheses thus emerge that could explain the
inhibition of HIV-Pr activity by mAb1696. First, by bind-
ing to the N-terminal region of the native homodimeric
enzyme, which is located at the external surface in the
homodimeric enzyme structure and is thus relatively
accessible to antibody molecules, mAb1696 could dis-
rupt the dimeric interface of the enzyme, leading to its
dissociation. Second, the dimer-monomer equilibrium of
the enzyme could be shifted toward inactive monomeric
species by capture of the latter by mAb1696. Although
scFv1696 inhibits HIV-1 Pr nine times more efficiently
than it inhibits HIV-2 Pr, measurements of affinity con-
stants by indirect ELISA, made under buffer conditions
identical to those of inhibition, show that mAb1696 and
Fab1696 have a 3-fold higher affinity for HIV-2 Pr in
comparison to HIV-1 Pr [11]. This apparent difference
may be due to unaccounted systematic errors in either
of the two kinds of experimental measurements. None-
theless, the two experiments are different, one being a
kinetic measure of inhibition and the other being a bind-
ing study under equilibrium conditions. Moreover, inhibi-
tion might conceivably begin before complete dissocia-
tion of the protease dimer has occurred if the initial
interaction with the antibody distorts the structure suffi-
ciently. This interpretation would be more in line with
the first hypothesis for the inhibition mechanism.

Biological Implications

In this study, we have determined the three-dimensional
structure of a bacterially expressed scFv of the anti-
HIV-1 protease monoclonal antibody 1696 in complex
with a peptide fragment that contains the linear epitope
of the viral enzyme. The broad reactivity of mAb1696,
which allows it to bind to both HIV-1 Pr and HIV-2 Pr
with high affinity, derives from invariant amino acids or
conservative substitutions within the first six residues
of the N-terminal segment of the two isolates. Most of
these residues are deeply buried at the antibody-antigen
interface and establish extensive contacts to the anti-
body. Using the peptide as a guide, a docking complex
of a whole protease monomer was generated that sup-
ports the hypothesis that mAb1696 inhibits HIV-Pr by
favoring the dissociation of the active homodimer.

For viruses such as HIV, which express polyprotein
Precursors, a careful regulation of the enzymatic prote-

olysis of their polypeptide chains is required to ensure
correct virus assembly. By coupling mAb1696 with a
fluorescent dye or protein, one could use it as a probe
to elucidate the pathway that leads to the formation of
a mature virus within an infected cell. Since mAb1696
inhibits the HIV-Pr from both the HIV-1 and HIV-2 isolates
with inhibition constants in the low nanomolar range, it
is therefore also a good candidate for studies aimed at
controlling the viral infection with intracellularly ex-
pressed antibodies [22].

Experimental Procedures

Inhibition of HIV-1 and HIV-2 Pr by scFv1696

Inhibition of HIV Pr activity by scFv1696 was measured from the
cleavage rate of the substrate KARVNIe-F(NO,JEANIe following
methods described in (23, 24]. Reactions were carried out in PBS
buffer (pH 7.4) with 1% (v/v) Tween 20, 1% (w/v) BSA, 0.02% (v/v)
B-mercaptoethanol, and 1 mM EDTA. Native HIV-2 Pr and the Q7K/
L331/LE31 HIV-1 Pr mutant [25], which is highly resistant to autolysis
while still retaining all enzyme kinetic properties, were used for
inhibition measurements. A fixed quantity of HIV Pr (70 nM and 125
nM for HIV-1 Pr and HIV-2 Pr, respectively) was first incubated with
varying amounts of scFv1696 for 20 min at 37°C. The reaction was
then started by adding a constant amount of substrate solution
(final concentration 0.135 nM), and aliquots of the reaction mixture,
which were removed at fixed time intervals over a total period of 1
hr, were stopped by the addition of 20% (v/v) TFA. The quantity of
cleavage product from each aliquot was determined by reverse-
phase HPLC (Merck) using a VYDAC C18 column (4.5 mm = 150
mm) and a methanol/water gradient. Kinetic data were analyzed
with ENZFITTER (version 1.0.3, R.L. Latherbarrow, Elsevier-Biosoft,
1987).

Cloning, Expression, Purification, and Complex Preparation

The coding sequences for V_ and V,, variable domains of mAb1696
were obtained by RT-PCR from the total mRNA of hybridoma 1696
cells, as had already been reported [11]. A corresponding scFv
construct contains the 113 N-terminal residues from V_ and the
120 residues from V,,, covalently linked together by the 15-residue
(Gly,Ser); linker [26, 27]. For cloning, an intermediary vector based
on pBluescript was first assembled by sequential insertion of oliga-
nucleotide duplexes, introducing an initiator ATG codon (as part of
the Ndel restriction site) and the codon for the first V| residue, the
linker sequence flanked by the last two V_ residues and the first
three V, residues, and unique restriction sites allowing cassette-
like insertion of the V, (EcoRV-Xhol) and V, (Pstl-EcoRl) domains.
Prior to the V,, domain insertion, the C terminus of this fragment
was modified by PCR so that the terminator codon and an EcoRl
site could be introduced. Finally, the scFv1696-encoding region
was cloned as the Ndel-EcoRI fragment into a T7 promoter-driven
expression plasmid.

BL21(DE3) E. coli cells, when transformed with the above expres-
sion plasmid, accumulated the scFv1696 product as insoluble inclu-
sion bodies after induction with 1 mM IPTG. A 1-liter bacterial culture
yielded typically about 10 g wet cells and about 1 g washed inclusion
bodies. Solubilization and refolding protocols were adapted from
[28]: inclusion bodies were solubilized in 50 mM Tris-HCI (pH 8.0)
with 2% N-lauroyl sarcosine (SLS, Sigma). The solution was vigor-
ously stired overnight at room temperature in the presence of 50
uM CuSO, to oxidize SH groups by air. Urea was then added to 6 M
concentration, and the SLS was removed by retention on anion-
exchange resin (Dovex). Refolding was performed by diluting the
denatured protein and by dialysing into 10 mM borate buffer (pH
8.0). Purification included three chromatography steps, using DEAE-
Sephacel, Sephadex G-75, and Mono-Q 5/5 HR columns (Phar-
macia). The fraction content was checked throughout the purfica-
tion by SDS-PAGE on a 15% acrylamide gel and analytical HPLC
gel filtration using a Superose 12 column (Pharmacia). Monomeric
and dimeric forms of scFv1696 in equilibrium were observed. The
purified protein was transferred by dialysis into 10 mM Tris-HCI (pH
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7.5), 5% glycerol and was stored at —25°C. The yield was about 6
mg of the purified scFv protein from 1 liter of bacterial culture.

Crystallization and Data Collection

The complex was prepared by mixing scFv1696 with a 3-fold molar
excess of peptide PQITLWQRR. Monomeric and dimeric forms of
the complex were separated by FPLC using a Mono-Q 5/5 HR col-
umn (Pharmacia). In contrast to free scFv1696, these complexed
forms are stable and do not interchange. The complex was concen-
trated by ultrafiltration on Centricon-10 (Millipore) to 14 mg/ml. Crys-
tallization trials were performed by the hanging-drop technigue us-
ing the sparse matrix method [29] as well as with a senies of different
PEG precipitants. Crystals were obtained under the following condi-
tions: 1 wl of the precipitant (0.05 M tri-sodium citrate, 0.1 M sodium
phosphate (pH 5.5), 24% PEG 3400, 0.2 M ammonium sulfate) was
mixed with 2 ul of the solution containing the complex of scFv1696
and the peptide at a concentration of 14 mg/ml and was allowed
to equilibrate over a reservoir of 1 ml of the precipitating solution
at 18°C. After several days, needle-shaped crystals appeared (the
smallest dimension was 20 um).

Crystals were transferred for a few seconds to the reservoir buffer
with 25% (v/v] glycerol and were cryo-cooled to 100°K in a nitrogen
gas stream (Oxford Cryosystem). Measurements were made at an
X-ray wavelength of 0.93 A on the ID14-1 beam-line at the European
Synchrotron Radiation Facility (ESRF) (Grenable) using one crystal.
Diffraction intensities, recorded on a MarCCD system, were inte-
grated and scaled with the HKL suite of programs [30]. The space
group is P2,, with unit cell dimensions a = 45.50 A b = 57.05 A,
c =91.03A B 97.10° and two scFv1696-peptide complexes
per asymmetric unit. Data collection statistics are summarized in
Table 1.

Structure Solution and Refinement
AMoRe [31] was used for molecular replacement calculations. Rota-
tion function calculations were performed between the resolution
imits of 20.0 A and 4.0 A using the variable dimer of Fab1696 (PDB
code 1lc7) as a search model and a Patterson integration radius
of 20 A. Rotation searches retumed two unambiguous solutions
(carrelation coefficients of 34.1% and 27.5% compared to 16.0%
for the highest noise peak), which, in tumn, gave clear results in the
translation function. A 2-body translation search confirmed these
solutions and placed the two independent scFv fragments on a
common crystallographic origin. Rigid body refinement of the two
molecules converged to a correlation coefficient of 70.3% and an
R factor of 31.9% for 3636 reflections between 9.0 A and 4.0 A
resolution. For control, a self-rotation calculation using data be-
tween 20.0 A and 4.0 A and an integration sphere of 15 A diameter
yielded a peak (height was 31% of the origin peak) corresponding
to the rotation needed to superimpose the two crystallographically
independent molaecules.
All the CDRs were omitted from the initial model, which was sub-
jected to alternate cycles of molecular dynamics refinement with
CNS (32}, using the parameter set of Engh and Huber [33], and
manual model building using QUANTA (Molecular Simulations) and
0(34]. R.,, [35] was used to monitor the progress of the refinement
by omitting 10% of the data (1286 reflections), randomly chosen,
throughout the procedure. The main chain tracing was carmed out
using electron density maps calculated with weighted Fourier coeffi-
cients [36]. Using this procedure, the CDRs were successively built
as polyalanine chains, and identifiable side chains were modeled
accordingly as refinement progressed. During the entire refinement
Procedure, tight noncrystallographic symmetry restraints were ap-
plied to the scFv1696 complexes (with a constant of 300 kcal/mol).
Once the madel for the scFv1696 molecules had been completed,
tonnected density visible at the antigen binding site could be inter-
preted as the N-terminal proline and glutamine residues of the bound
Peptide. Subsequent cycles of refinement and model building al-
lowed residues P1-P6 of the peptide to be fitted in difference elec-
ron density maps. The final statistics are given in Table 2. The quality
ofthe model was controlled with PROCKECK [37]. Superposition of
the various molecular components (PDB code 3hvp) was carried
“ut using LSQKAB from the CCP4 program suite [38], Buried surface
685 were calculated using MS (39, using a probe radius of 1.7 A

and water molecules excluded from the calculation. Antibody resi-
dues are numbered using the Kabat convention [40], preceded by
L or H for light and heavy chain, respectively.
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Structure of a single-chain Fv fragment of an
antibody that inhibits the HIV-1 and HIV-2

proteases

The monoclonal antibody 1696, which was raised against the HIV-1
protease, inhibits the catalytic activity of the enzyme from both the
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HIV-1 and HIV-2 strains. The antibody cross-reacts with peptides
containing the N-terminus of the enzyme, which is highly conserved

between these strains. The crystal structure of a single-chain Fv
fragment of 1696 (scFv-1696) in the non-complexed form, solved at
1.7 A resolution, is compared with the previously reported non-

PDB Reference: Fv fragment
of HIV protease inhibitor,
Tn4x, rindxsf

complexed Fab-1696 and antigen-bound scFv-1696 structures. Large
conformational changes in the third hypervariable region of the
heavy chain and differences in relative onientation of the variable
domains are observed between the different structures.

1. Abbreviations and symbols

CDR, complementarity-determining region;
L1, L2, L3, first, second and third CDR,
respectively, of the light chain; H1, H2, H3,
first, second and third CDR, respectively, of
the heavy chain; HIV, human immuno-
deficiency virus; mAb, monoclonal antibody;
rms.d., root-mean-square deviation; scFv,
single-chain Fv fragment; Vi, heavy-chain
variable domain; V., light-chain vanable
domain.

Antibody residues are numbered using the
Kabat convention, preceded by L or H for light
and heavy chain, respectively.

2. Introduction

Proteins from HIV are expressed in the form of
polyprotein precursors that are cleaved by a
protease encoded in the viral genome. Because
it plays an essential role in the infectious cycle
of the virus, HIV protease is one of the primary
targets for antiviral drug design (Wlodawer &
Gutschina, 2000). We have produced mono-
clonal antibodies raised against HIV-1
protease in order to study the enzyme’s activity
and function and to aid in the design of novel
inhibitors targeted to regions other than the
active site. Two anti-HIV-1 protease mAbs,
F11.2.32 and 1696, which inhibit the enzymatic
activity of the protease have been character-
ized (Lescar et al., 1996, 1997, 1999). We have
recently reported the crystal structure at 2.7 A
resolution of a cross-reaction complex formed
between scFv-1696 and a peptide, PQITL-
WORR, whose sequence is derived from the
N-terminus of the HIV-1 protease (Rezacova
et al.. 2001). This structure supports the
hypothesis that mAb-1696 inhibits the HIV
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protease by favouring the dissociation of the
active homodimer. The crystal structure of the
ligand-free scFv-1696 molecule that we
describe here reveals a plasticity in the
topology of the antigen-binding site of this
mAb. Crystals of non-complexed scFv-1696
were obtained under acidic conditions (pH 3.5).
Here, we compare this structure, determined at
1.7 A resolution, with that of non-complexed
Fab-1696 crystallized at pH 7.5 (Lescar er al.,
1999) and the antigen-bound scFv-1696 crys-
tallized at pH 5.5 (Rezacova et al., 2001).

3. Experimental
3.1. Crystallization and data collection

Needle-shaped crystals of approximate
dimensions 0.15 x 0.01 x 0.01 mm were
obtained by the hanging-drop technique using
the following conditions: 5 pl of precipitant
(0.1 M sodium citrate pH 3.5, 17.5% PEG 4000,
0.175 M ammonium sulfate) was mixed with an
equal volume of a solution of scFv-1696 at a
concentration of 5 mg ml~" in 10 mM Tris-HCl
pH 7.3. The drop was suspended over a reser-
voir containing 1 ml of the precipitant solution
at 291 K and allowed to equilibrate. For data
collection, crystals were briefly transferred to
the reservoir buffer containing 25%(v/v)
glycerol before being eryocooled to 100 K in a
nitrogen-gas stream. Measurements were made
with a MAR Research 345 imaging-plate
system using an X-ray wavelength of 0.990 A
on the ID2 beamline at the ESRF (Grenoble).
Owing to the small size of the crystals, it was
not possible to obtain a complete data set from
one crystal alone without incurring severe
radiation damage. Three crystals were there-
fore used to obtain an acceptably complete

+ HIV protease-inhibiting Fv fragment
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Table 1
pata set and refinement statistics.

n parentheses are for the highest resolution shell
79-1.70 A)

group P2,2,2
Unit-cell parameters
1 (A) 12693
b (A) 61.21
(A) 37.30
Resolution range (A) 20.0-1.70

45422 (5930)
4.89 (3.34)

Unique reflections
Data redundancy

mpleteness (%) 91.0 (84.2)
lia(l) 34.3 (6.6)
. 9.0 {36.0)
] 2.07
25.6
No. of protein atoms 3656
No. of heteroatoms 2
No. of solvent molecules 530
R.ms.d. bond lengths (A) 0.005
R.m.s.d. bond angles (“) 1.34
Ramachandran plot
Core region (%) 87.8
Additionally allowed regions (%) 112
Generously allowed 1ons (%) 0.5
Disallowed region (%) 0.5
A B factors, all protein atoms (A”) 281
R.r B factors, all protein atoms (A”) 1.7

data set. Integration, scaling and merging of
the intensities were carried out using the
XDS (Kabsch, 1988), with data
frames from the three crystals being scaled
Details of

program
nd merged simultaneously

mital parameters and data-collection

itistics are given in Table 1

1.2. Solution and refinement of the
structure

A preliminary model of the structure was
found by molecular replacement using the
program AMoRe (Navaza, 1994). The rota-
tion-function calculation was performed
between resolution limits of 20.0 and 4.0 A
dimer (Vy/Vy) of
11c7) as the search

using the wvarnable
Fab-1696 (PDB code
lel and a Patterson integration radius of

WA, Two strong peaks in the rotation
0.173

unction (correlation coefficients of
"

and (0.171, compared with 0.138 for the third

1est peak) clearly indicated the presence

of the two anticipated molecules in the
asymmetric unit. The two scFv molecules
were then placed in the unit cell using one-

Rigid-

molecules

and two-body translation searches

refinement of the two
led a correlation coefficient of (.443 and
in R factor of 0,450 for 3592 reflections in

the resolution range 9.0-4.0 A resolution.
refined using the
n CNS (Briinger et al., 1998). After

'Mitting the hypervariable loops from the

The structure was

ular-replacement model, the atomic

were refined using all measured

1 —

HIV protease-inhibiting Fy

data between resolution limits of
20 and 1.7 A, with the exception
of 2280 randomly chosen reflec-
tions (5% of the data) used to
monitor the refinement progress
by the free R factor (Rg..). As
refinement  proceeded, the
hypervariable loops
progressively built into the
electron-density maps as poly-

WEre

alanine chains and identifiable

side chains were modelled

accordingly. Tight non-crystal- o

lographic symmetry restraints
were applied during the initial
phases of the refinement, but were relaxed
during the final stages. Once the model
for the scFv-1696 had been

completed, water and solute molecules were

molecules

fitted to difference electron-density maps.
Structure-refinement statistics are summar-
1zed in Table 1

4. Results
4.1. Description of the structure

The final model includes 113 residues for
the light chain and 120 residues for the
heavy chain for both scFv-1696 molecules.
All residues in the model fall into favourable
or allowed regions of the Ramachandran
plot except ValL51, which is contained in the
y-turn defining the unique canonical struc-
ture of CDR-L2. The flexible (Glv,Ser).
linker connecting the C-terminus of the
heavy chain to the N-terminus of the light
chain was not visible for either molecule.
Residues belonging to the hypervariable
loops are generally well defined in the
electron density. Several residues of
CDR-H3 of molecule 1, however, have high
temperature factors and their positions are
less well defined than those of molecule 2,
although the path of the main chain is
unambiguous. A total of 530 well defined
water molecules and two chloride 10ns were
E\]:lL-L'lI.

A strong positive peak in the difference
electron density was located at the apex of
the CDR-H3 loop of the antibody (Fig. 1)
First interpreted as a water molecule, this
density was subsequently modelled as a
chloride ion (from the Tris—-HCI buffer of the
protein solution), coordinated by four
nitrogen amide hydrogen-bond donors from
CDR-H3 (N-CI 3.5 A) and

one solvent molecule

distances
The presence ol a
chloride ion could thus strongly influence
the conformation of CDR-H3 observed in
addition, one nter

this crystal form. In

molecular interaction between HisH97 N

ragment

Table 2

Pairwise comparisons of the structures of the variable domains of

scFv-1696-1
scFv-1696-2

non-complexed scFv-1696 (this work, two molecules), ligand-free
Fab-1696 (PDB code 1cl7) and scFv-1696 in complex with the
HIV-1 peptide (PDB code 1jp5)

For each structural comparison, the r.m.s. differences between the main-
chain atom positions of equivalent residues of the variable domains
together (V. + Vi), the V. domain only and the Vy domain only,
respectively, are given in A. Superpositions were carried out using
program LSQKAB from the CCP4 program suite (Kabsch, 1985;
Collaborative Computational Project, Number 4, 1994)

scFv-1696-2 Fab-1696 scFv-1696 complex

0.61, 0.40, 0.42 1.00, 0.74, 0.93

1.22, 0.74, 0.86

1.24, 0.55, 1.47
1.39, 0.57, 1.44
1.05, 0.56, 1.21

lle H100B

Figure 1

View of CDR-H3, with eleciron-density map, calcu-
lated with (3F, — 2F,) coefficients and phases from
the refined model, contoured at the 1.2 r.ms level. A

prominent solvent peak, at
distances from four nitrogen amides of CDR-H3
and onc water molecule, has been modelled as a
Those residues of CDR-H3 for which

nitrogen 15 less than 3.5 A from the

hydrogen-bonding

chloride ion
the amide
putative chlonide ion, together with the coordinating
water molecule, are indicated

in the CDR-H3 of scFv-1696 molecule 2 and
the carboxylic group of GluL.79 of scFv-1696
molecule 1 could also stabilize the confor-
mation of CDR-H3 of scFv-1696 molecule 2.

4.2, Comparison of the ligand-free
scFv-1696 at acid pH with ligand-free
Fab-1696 and complexed scFv-1696 at
neutral pH

After superimposing the V| domains of
the different forms, additional rotations and
translations are Ti.'l|'ll|l'§.‘d. in order to opti-
mize the superposition of Vi domains
(Table 2).

orientation of the variable domains give rise

Ihese differences in relative

to antigen-binding sites with quite different

topologies: the ligand-free  scFv-1696

binding site i1s more open than that of the

Acta Cryst. (2003). D59, 955-957



Figure 2

Comparison of the vanable domains of non-complexed Fab-1696 (PDB code 1cl7

blue), molecule 1 of the non

ymplexed scFv-1696 (this work, yellow) and complexed scFv-1696 (PDB code 1jp5, red). The peptide is shown in

reen. Superposition has been made by optimizing the correspondence between the main-chain atoms of the V;

jomains of the three structures. Fv1696 15 shown from the side of (a) and from above (#) the antigen-bindng site

The V; domain is shown on the left of the Fv fragment, while the V; domain is on the night. The third CDR of Vy

H3) 1s indicated

ligand-free Fab-1696, while the complexed
scFv-1696 structure adopts a position inter
mediate between the two (Fig. 2). It is
conformation

notable that the closed

adopted by the ligand-free Fab-1696 binding

site (but not that of the ligand-free scFv1696

molecule) would introduce some steric
hindrance between its CDR-H1 and the
N-terminal end of the antigenic peptide, as
structure with

seen in the complexed

scFv-1696

4.3, Structure and flexibility of CDR-H3
The most conspicuous changes in the
lertiary structure of mAb-1696 occur n
CDR-H3. By
conformations of the five other CDRs are

contrast, the backbone

juite  conserved. The residues situated

etween ArgH96 and GluH100A, at the

Olvent |'\|.\1:'\|'|| end of CDR-H3 ||‘1H]1[
trikingly different positions In the peptide
of scFv-1606, CDR-H3 moves

)59 955-9

towards the V; domain, giving rise to a
shallow groove at the centre of the antigen-
binding site where the peptide is buried
(Rezacova et al, 2001). In the ligand-free
scFv-1696 crystal structure obtained at pH
3.5, however, CDR-H3 folds back towards
the Vi domain (Fig. 2). This position
occludes the antigen-binding pocket by
bringing residues AspH98 and TyrH99 into
the space taken up by GInP2 and IleP3 of
the antigenic peptide. In the ligand-free
Fab-1696 structure crystallized at pH 7.5, the
CDR-H3 s
maintained in part by an ion pair between
AspHY5 and ArgHO96 (Lescar et al., 1999)

observed conformation ol

This salt bridge is lost in the hgand-free
scFv-1696 structure of CDRH3, possibly
because of protonation of the carboxylic
group of AspHY5 at pH 3.5. The acidic pH
could also account for the disruption of
between

the hydrogen-bond interaction

AspH95 and HisH 35

which associates

short communications

CDR-H3 with CDR-H1 in the Fab-1696

structure at neutral pH

5. Conclusion

The structural changes observed in the
binding site of mAb-1696 result in the
formation of antigen-binding pockets with
quite different shapes. The conformational
three
different crystal forms result from rigid-

changes observed between the

body movements of wvariable domains

accompanied by large conformational
CDR-H3. Three different
conformations for CDR-H3 of mAb-1696
have been identified: the antigen-bound

conformation of CDR-H3 appears to be

changes in

induced by the presence of the antigenic
peptide, whereas the two alternative struc
tures of CDR-H3 that we have observed in
the non-complexed forms of 1696 point to
the possible roles of pH and solute mole-
cules in influencing the conformation
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National pour la Recherche Scientifique.
Assistance and

Centre

useful discussions with
members of the ESRF/EMBL Joint Struc-
tural  Biology
ilL'l'([}“\\lL‘dt‘,L‘l[.

Group are gratefully

References

Bringer, A. T.., Adams, P D., Clore, G. M
DelLano, W. L., Gros, P, Grosse-Kunstleve,
R. W.. liang, J-S., Kuszewski, J., Nilges, M.,
Pannu, N. S, Read, R. I, Rice, L. M., Simonson,
I. & Warren, G. L. (1998). Acta Cryst. D54, 905
921

Collaborative Computational Project, Number 4
(1994). Acta Cryst. DS0, 760-763

Engh, R. A. & Huber, R. (1991). Acta Cryst. Ad47,
392400

Kabsch, W. (1988). J. Appl. Cryst. 21, 916-924

Lescar, ., Brynda, J., Rezacova, P, Stouracova, R
Riottot, M. M., Chitarra, V., Fabry, M., Horejsi,
M., Sedlacek, J. & Bentley, G. A. (1999). Protein
Sci. 8, 2686-2696

Lescar, J. Stouracova, R.. Riottot, M. M.,
Chatarra, V., Brynda, J., Fabry, M., Horejsi, M.,
Sedlacek, 1. & Bentley, G. A. (1996). Protein Sci
5. 966968

Lescar, J, Stouracova, R., Riottot, M. M
Chitarra, V., Brynda, 1., Fabry, M., Horejsi, M.,
Sedlacek, J. & Bentley, G. A. (1997). J. Mol
Biol. 267, 1207-1222

Navaza, J. (1994). Acta Cryst. AS0, 157-163

Rezacova, P, Lescar, ), Brynda, J, Fabry, M
Horejsi, M., Sedlacek, J. & Bentley, G. A
(2001). Structure, 9, 887-895

Wlodawer, A. & Gutschina, A. (2000). Biochim
Biophys. Acta, 1477, 16-34

HIV protease-inhibiting Fv fragment



J. Mol. Biol. (1997) 267, 1207-1222

MB

Three-dimensional Structure of an Fab-Peptide
Complex: Structural Basis of HIV-1 Protease Inhibition

by a Monoclonal Antibody
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monoclonal
which
(Kinn = 35(£3) nM), has been studied by crystallographic methods. The
three-dimensional structure of the complex between the Fab fragment
and a synthetic peptide, spanning residues 36 to 46 of the protease, has
been determined at 2.2 A resolution, and that of the Fab in the free state
has been determined at 2.6 A resolution. The refined model of the com-
plex reveals ten well-ordered residues of the peptide (P36 to P45) bound
in a hydrophobic cavity at the centre of the antigen-binding site. The
peptide adopts a B hairpin-like structure in which residues P38 to P42
form a type II f-turn conformation. An intermolecular antiparallel p-
sheet is formed between the peptide and the CDR3-H loop of the anti-
body; additional polar interactions occur between main-chain atoms of
the peptide and hydroxyl groups from tyrosine residues protruding from

HIV-1
activity of the

antibody

raised against
inhibits

proteolytic

protease
enzyme

CDRI1-L and CDR3-H. Three water molecules, located at the antigen-anti-
body interface, mediate polar interactions between the peptide and the
most buried hypervariable loops, CDR3-L and CDR1-H. A comparison
between the free and complexed Fab fragments shows that significant
conformational changes occur in the long hypervariable regions, CDR1-L
and CDR3-H, upon binding the peptide. The conformation of the bound
peptide, which shows no overall structural similarity to the correspond-
ing segment in HIV-1 protease, suggests that F11.2.32 might inhibit pro-
teolysis by distorting the native structure of the enzyme.

¢ 1997 Academic Press Limited

Keywords: antibody cross-reactivity; crystal structure; enzyme inhibition;
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Introduction

The genome of human immunodeficiency virus
type 1 (HIV-1) encodes three enzymes, each with
an essential function in the complete infectious
cycle of the pathogen (reviewed by Katz & Skalka,
1994)., One of these enzymes is a protease that
specifically cleaves the Gag and Gag/Pol polypro-
tein precursors to form the structural proteins
(matrix, capsid and nucleocapsid) and viral en-
zymes (including the protease itself ) of HIV-1, as
well as subsidiary polypeptides pl, p2 and pé6
(Ratner et al., 1985; Henderson et al., 1992). The
HIV-1 protease is a homodimeric enzyme belong-
ing to the family of aspartyl proteases (Pearl &
Taylor, 1987). The monomer comprises 99 amino

(1 1997 Academic Press Limited
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acid residues containing the triplet Asp25-Thr26-
Gly27, which is located near the dimer interface.
Thus, in the functional homodimer, the two amino
acid triplets are adjacent to one another, forming a
pepsin-like catalytic site at the bottom of a hydro-
phobic cavity (Navia et al., 1989; Wlodawer et al.,
1989). The catalytic site is covered by two flap
regions, one contributed by each subunit (residues
44 to 57), which undergo substantial movements
upon binding substrate (Fitzgerald & Springer,
1991). Dynamic studies by NMR (Nicholson et al.,
1995) and molecular simulation (Harte ef al., 1992;
Collins et al., 1995) show that the flap regions are
indeed highly mobile, a property which would
facilitate access to the active site by substrate and
the subsequent release of product. Since the pre-
sence of inhibitors, or mutations that compromise
proteolytic activity, leads to the assembly of imma-
ture, non-infectious viral particles (Kohl ef al., 1988;
Ashorn et al.,, 1990; Rosé et al., 1995), HIV-1 pro-
tease has been the object of considerable study,
particularly in the development of inhibitors with
therapeutic application.

Our objective has been to study structural
changes in HIV-1 protease that are important for
enzyme function by analysing the effect of pro-
tease-inhibiting antibodies. Accordingly, we have
raised murine monoclonal antibodies against the
protease and selected those which cause significant
inhibition of catalytic activity for further study by
crystallographic analysis. From analysis of the
three-dimensional structure of antibody-antigen
complexes, we aim to correlate conformational re-
straints or modifications, imposed on the protease
by the bound antibody, to the inhibition of enzyme
function.

One of the monoclonal antibodies thus ob-
tained, designated F11.2.32, binds to HIV-1 pro-
tease with an affinity of 5nM at pH 5.2 (Lescar
et al., 1996), as measured with the BlAcore sys-
tem (Pharmacia Biosensor), and induces signifi-
cant inhibition of proteolytic activity. In addition,
epitope mapping has identified the peptide P36-
P46 (MSLPGRWKPKM) as the shortest segment
of HIV-1 protease sequence capable of effectively
competing with the native enzyme in binding to
F11.2.32 (Lescar et al., 1996). While the region, 36
to 46, is an immunodominant epitope in the Arme-
nian hamster (Croix et al., 1993), it is only weakly
recognised by polyclonal sera from HIV-infected
individuals (Bjorling et al., 1992), suggesting a vari-
able immune response to HIV-1 protease that
depends on species or the mode of antigen presen-
tation.

Although we have not yet succeeded in crystal-
lising a complex of the Fab fragment of F11.2.32
with the protease, we have obtained crystals of a
complex formed with the peptide segment ’36-P46
of the enzyme. We have also crystallised Fab
F112.32 in the unliganded state. Crystallisation
conditions, diffraction measurements (made at
cryogenic temperature) and the determination of
preliminary models by molecular replacement pro-

cedures for both crystal forms have been reported
in an earlier publication (Lescar et al., 1996). The
resolution of the diffraction data reported at that
time was 2.1 A for Fab F11.2.32-peptide(P36-P46)
and 2.9 A for the free Fab. We have since obtained
an improved diffraction data set for the free Fab
extending to 2.6 A resolution, also measured at
cryogenic temperature. This paper describes the re-
finement of Fab F11.2.32 in the free state and as a
complex with the peptide P36-P46, and gives a de-
tailed description of the two structures. Possible
mechanisms for the inhibition of HIV-1 protease
activity by F11.2.32 are discussed in the light of
these structural results.

Results and Discussion

Inhibition of HIV-1 protease by F11.2.32

Initial reaction velocities, determined from kin-
etic runs of substrate cleavage by HIV-1 protease
in the presence of differing concentrations of Fab
F11.2.32, were normalised to the initial reaction
velocity in the absence of inhibitor and plotted as a
function of Fab concentration (Figure 1). These
data were evaluated using the tight-binding inhi-
bition model by fitting the following equation
(Williams & Morrison, 1979) to the experimental
points on the graph, as described in Materials and
Methods:

'I,’,/I?)l, =1— 1}’(2[E]}[IE] a0 [II'] o Klnh

— V(E + 1]+ Kin)? — 4(ENL]]

where [E] and [I] are the protease concentration
(held constant) and the Fab concentration for the
ith experiment, respectively; K, is the apparent in-
hibition constant; v, and v, are the initial reaction
velocities for Fab concentrations 0 and [I;], respect-
ively.

The best fit of the equation to these data, shown
by the curve in Figure 1, gives K, as 35(+3) nM
and the concentration of epitope, [E], as
82(4+8) nM. When estimated by titration with an
active-site inhibitor, the protease concentration was
found to be 50(+18) nM for the dimer (data not
shown). These results could thus be compatible
with a stoichiometry of Fab to active protease
dimer being 2:1.

General quality of the structures

Crystal parameters are given in Table 1 and stat-
istics from the refinement of the crystal structure of
the complexed and free forms of F11.2.32 are sum-
marised in Table 2. Ramachandran diagrams of the
main-chain dihedral angles are shown in Figure 2.
Fach crystal form contains two molecules in the
asymmetric unit.
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Figure 1. Inhibition of HIV-1 protease activity by Fab
F11.2.32. The initial reaction velocity (v,), normalised to
the initial reaction velocity in the absence of Fab (v,), is
plotted as a function of Fab concentration. The protease
was held at constant concentration (50 nM). The curve
shows the best fit of the tight-binding model (Williams
& Morrison, 1979) to the experimental data, from which
the deduced value of K, is 35(+3) nM (see Materials
and Methods for details).

Fab F11.2.32-peptide(P36-P46)

Residues missing from the Fab fragments in the
final model of the complex are located at the
carboxy-terminal ends of the polypeptide chains.
These are residues 1212 to 214 for the light chain
(L) of molecule 1 in the asymmetric unit, and close
to the site of the papain cleavage on the heavy
chain, (H) beyond residues H225 and H223 for
molecules 1 and 2, respectively. Electron density is
weak for the regions H42 to H43 and H130 to
H133 of both heavy chains; these are located in
loops exposed to solvent. In addition, the side-
chains of residues Arg-H100, Tyr-H100A and Asp-
H100B from CDR3-H of both heavy chains are in
weak density; these are exposed to the solvent,
making no contacts with the peptide, and are mo-
bile (B >50 A?). The side-chain of Tyr-H100A in
neither Fab was visible in the electron density and
was therefore not modelled beyond C". The elec-
tron density of the hypervariable regions is other-
wise well-defined. The bound peptide in both
complexes of the asymmetric unit has been unam-
biguously traced for ten of the 11 residues from
Met-P36 to Lys-P45. Of these, only the side-chain
of Lys-P45 was not completely built. The structure

Table 1. Unit cell parameters

Fab F11.2.32 (free) Fab F11.2.32 (complex)

P2 P2,2,2,
4=67.6A a= 32.42
b=947 A b=96.3 A
c=703 A c=1058 A
p=1058

Z=4 Z=8
Vu=22A"/Da Vi =21A%Da

Table 2. Refinement statistics

Fab F11.2.32
(complex) Fab F11.2.32 (free)

Resolution (A) 7.0-22 8.0-2.6
Reflections used in

refinement 35,173 (F > 3o) 24,344 (F > 20)
R-factor (with no o

cut-off) 0.198 (0.217) 0.206 (0.208)
Ry (with no o

cut-off) 0.289 (0.307) 0.317 (0.318)
No. of residues 903 872
No. of solvent

molecules 400 235
r.m.s. deviations

Bond lenths (A) 0.011 0.011

Bond angles (°) 1.7 1.7
Mean B-factor (A?)

Main-chain 19 16

Side-chain 21 17

Solvent 26 20

Atomic coordinates have been deposited in the Brookhaven
Protein Data Bank as entry 2hrp (rZhrpsf for structure factors)
for Fab F11.2.32-peptide(P36-P46) and as entry 1mf2 (rlmf2sf
for structure factors) for Fab F11.2.32.

of complex between Fab F11.2.32 and the longer
peptide, P36-P57, (Lescar et al., 1996) similarly
shows no electron density beyond peptide
residue P45 (data not shown). The average tem-
perature factor for the main-chain, side-chain and
solvent atoms is 19 A2, 21 A2 and 26 A2, respect-
ively.

Free Fab F11.2.32

The carboxy-terminal ends of the light and
heavy chains are also disordered in both Fab mol-
ecules in the asymmetric unit; residues beyond
L212 and H223 are not located in either molecule.
Heavy-chain residues H128 to H134 of both Fabs
were not built in the final model because of poorly
defined electron density in these regions. Hyper-
variable regions CDRI-L and CDR3-H are very
mobile in the free Fab, as evidenced by their high
thermal parameters; side-chains for CDRI1-L resi-
dues Tyr-L27D and Tyr-L.28, and CDR3-H residues
Tyr-H100A and Asp-H100B, were not built beyond
CP. The average temperature factor for the main-
chain, side-chain and solvent atoms is 16. A?, 17 A2
and 20 A2, respectively.

Structure of Fab F11.2.32

The asymmetric unit of both crystal structures
contains two molecules of Fab related by a non-
crystallographic dyad. In each case, the dimer of
Fabs (Figure 3) is maintained by almost identical
contacts from two symmetric sets of hydrogen
bonds (between Ser-H25 and Ser-H136', and Thr-
H153 and Ser-H163'), two symmetric sets of salt
bridges (between Arg-L61 and Glu-L79, and Arg-
L108 and Glu-H1') and numerous van der Waals
interactions. The buried surface area between the
two antibody fragments for the free and com-
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Figure 2. Ramachandran diagrams for (a) free Fab F11.2.32 and (b) Fab F11.2.32-peptide(P36-P46). Residues in un-
\ favourable regions are named; glycine residues are shown by triangles. (Produced by the program PROCHECK,

Laskowski et al., 1993)

plexed forms is 1851 A? and 2186 A’ respectively.
' The elbow angles (the angle subtended by the
pseudo dyads of the variable and constant domain
dimers) are correspondingly close to each other:
151° for the free Fab and 154° for the peptide com-
lex.
: The main-chain atoms of the Fabs within the
dimer superimpose on each other with an r.ms.
deviation of 0.31 A for all 434 equivalent residues
for the complex, and 0.20 A for the unliganded
form. This difference derives from the refinement

Y3
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Figure 3. The Fab dimer in the asymmetric unit of the
complex viewed along the non-crystallographic dyad.
The two Fabs are differentiated by continuous and bro-
ken thin lines, while the bound peptide is drawn in
thick continuous line.

protocol (see Structure refinement in Materials and
Methods) where the non-crystallographic sym-
metry has been less tightly constrained for the
complexed Fab because of the higher resolution of
the data (2.2 A versus 2.6 A). A comparison of the
variable (framework residues only) and constant
domains within and between crystal structures is
presented in summary in Table 3. Although the
variable light chain domain (V) framework resi-
dues from the free and complexed forms of
F11.2.32 coincide within the expected experimental
error (Luzzati, 1952), a greater deviation is ob-
served between the variable heavy chain domain
(Vi) domains; this is due to a structural difference
in the segment from Ala-H40 to Gly-H44 of the un-
liganded F11.2.32 when compared to the com-
plexed Fab or, indeed, other reported Fab
structures. In particular, Glu-H42 and Lys-H43
have high temperature factors in both crystal
forms, indicating considerable mobility in this re-
gion. While the cause of this difference is not clear,
it might be related to the effect of Fab dimerisation
on the V,;/V, interface, since V; and Vy of one
Fab make important contacts with V; and the Cy;'-
C, pair, respectively, of the other Fab of the dimer.
Consequently, a tension might exist at the Vi/V,
interface that could render the conformation of the
segment H40-H44 sensitive to the elbow angle
since the generally conserved polar interaction
across the interface between GIn-H39 (at one end
of this segment) and GIn-L42, which is present in
both forms of F11.2.32, forms a fixed point of con-
tact between the variable domains.

The variable domains show a small difference in
relative orientation between the antigen-bound and
unbound states; after superimposing the V, do-
mains of each form, an additional rotation of 3.8
is required to bring the V;; domains into optimal
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Table 3. Pairwise comparison of domains within and between the structures of Fab
F11.2.32 (free) and Fab F11.2.32-peptide(P36-P46)

Fab(free) Mol.1 Fab(free) Mol.2 Fab(complex) Mol.1
Fab(free)
Mol.2 0.15 k15 Vi (6
0.13 0.13 Vy @
Fab(complex)
Mol. 1 0.36 0.46 0.36 0.46
0.78 0.35 0.79 0.35
Fab(complex)
Mol.2 0.33 0.46 0.34 0.46 0.23 0.26
0.62 0.39 0.63 0.39 0.31 0.32

The results are expressed as the r.m.s. difference in A between main-chain atom positions of
equivalent residues. Only framework residues of the variable domains were used when comparing
between the free and complexed forms. The order of comparisons is V;, C, Vi, C;' as indicated

in the top right-hand cell.

coincidence (Figure 4). This difference is most
likely due to peptide binding, and not to different
crystal contacts, since the quaternary conformation
is effectively identical for the two independent Fab
molecules in the asymmetric unit within each crys-
tal structure. The relative rotation of the variable
domains falls into the lower range of values found
from pairwise V,/Vy domain comparisons ana-
lysed by Stanfield et al. (1993), and agrees with
their empirical observation that a larger V, /Vy; in-
terface correlates with a smaller movement upon
binding antigen; the total surface area buried at the
variable dimer interface of complexed F11.2.32 is
1612 A2, of which 372 A% in contributed by the 16
residue-long CDR3-H.

Antigen-binding site

The antigen-binding site is concave in overall
shape, with the large loops of CDRI1-L and CDR3-
H extending together upwards at one side
(Figure 4). Several aromatic residues line the bind-
ing site and its character is extensively hydro-
phobic (Figure 5). The conformations adopted by

five of the complementarity determining region’s
(CDRs) regions of F11.2.32 conform well to those
predicted by the canonical structure hypothesis of
Chothia et al. (1989) (CDR1-L: canonical structure
3; CDR2-L: unique; CDR3-L: 1; CDR1-H: 1 and
CDR2-H: 3). The dihedral angles adopted by Ala-
L51 (Figure 2), similar in the unbound and com-
plexed states where the conformation of CDR2-L
is clearly defined, are characteristic of a y-turn
(Milner-White et al.,, 1988) and of this canonical
structure. Its conformation seems to be influenced
by an extensive network of main-chain hydrogen
bonds with buried residues L33 and L34. In the un-
complexed Fab structure, Tyr-L28, which belongs
to an energetically unfavourable region of the
Ramachandran plot, is located in a flexible part of
the molecule.

Hypervariable regions CDR1-H, CDR2-H and
CDR3-L, being less exposed, display little change
in their main-chain and side-chain positions upon
binding antigen. The most conspicuous changes
occur at the mobile ends of the two long loops of
CDRI-L and CDR3-H, which undergo important

Figure 4. Stereo view of F g
the V, domains, emphasizing the conformational ch

doamins are drawn in continuous and broken thin lines for the

complete peptide is drawn in thick line.

b F11.2.32 in the free and complexed states after superposition of the a-carbon atoms of
' anges that occur upon binding the antigenic peptide. The variable

complexed and free forms, respectively, while the
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Figure 5. View of the interaction between the peptide
and the molecular surface of the antigen-binding site,
colour coded for electrostatic potential: red for negative
and blue for positive; prepared with program GRASP
(Nicholls et al., 1991).

conformational changes in both the main-chain
and side-chain structure. In particular, two con-
tinuous stretches, 1.27C-L30 (CDR1-L) and H99-
H100D (CDR3-H), deviate by as much as 1.0 and
2.7 A, respectively, between the a-carbon positions
of the antigen-bound and free states. There is a
180° rotation of the Tyr-L28 peptide bond when
the hydroxyl group of this residue moves in to
form a hydrogen bond to the amino terminus of
the peptide. Residue Asp-H100B moves by 2.7 A
from its unliganded structure in order to make a
hydrogen bond to Lys-P45. As described above, a
small relative rotation of the variable domains also
occurs when the antibody binds the antigenic pep-
tide. These changes illustrate the overall plasticity
of the antigen-binding site, with a combined use of
tertiary and quaternary movements {o adapt more
closely to the peptide antigen. Although the free
and complexed forms of F11.2.32 were crystallised
under different conditions (Lescar et al., 1996),
these differences are probably attributable to anti-
gen-binding, as discussed in the previous section.

Comparison of F11.2.32 variable domains with
closely related antibodies

The nucleotide and amino acid sequences are
given in Table 4. The heavy chain of F11.2.32 bears
a close sequence homology to the anti-oxazolone
mAb NOQ10/12.5 (Alzari et al., 1990) and the
catalytic mAb CNJ206 (Golinelli-Pimpaneau ef al.,

1994, Brookhaven Protein Data Bank PPDB

(Bernstein et al.,, 1977), entry lkno), which, like
F11.2.32, are both derived from Vy; genes of the
Vi-MOPC21 subgroup (Kabat et al., 1991). For the
Vy; domain, F11.2.32 has 103 residues identical to
NQ10/12.5 and 106 residues identical to CNJ206.
Ninety-eight s-carbon atoms from the NQ10/12.5
and CNJ206 Vy; domains (excluding residues from
CDR3-H and FR4) can be superimposed upon Vi
of the F11.2.32 peptide complex with an r.m.s devi-
ation of 0.43 A and 0.50 A, respectively. Only the
CDR3-H loop differs widely between the three Vi,
domains, conferring a different shape, and thus
specificity, on each antigen-binding site. This is
achieved by recruiting different diversity and join-
ing gene segments, leading to the formation of a
hydrophobic pocket for the NQ10/12.5 (CDR3-H
of five residues), a groove for CNJ206 (CDR3-H of
ten residues) and a large protruding loop for
F11.2.32 (CDR3-H of 16 residues which uses the
long J;, gene segment (Kabat et al., 1991)).

The light chain of F11.2.32 (subgroup VIII-
MOPC70 and Jx, joining gene; Kabat et al., 1991) is
homologous to mAb 59.1 (Ghiara et al., 1994; PDB
entry lacy) and mAb 50.1 (Rini et al.,, 1993; PDB
entries 1ggb, 1ggc, 1ggi) which are both specific for
epitopes on the V3 loop of the gp120 envelope pro-
tein of HIV-1. For residues coded by the V,_ gene,
F11.2.32 has 78 and 75 residues identical with 50.1
and 59.1, respectively. Of note, the CDR1-L region
of 59.1 displays only one amino acid difference to
that of F11.2.32 (Tyr-L27D — Ser). Nevertheless,
the way these three monoclonal antibodies recog-
nise their respective peptide antigens is different.
A slightly weaker homology is found with the
light chain of the anti-digoxin mAb 40-50 (Jeffrey
et al., 1995; PDB entry libg, 73 identical residues
encoded by the V. gene) and the mAb N10, (Bos-
sart-Whitaker et al., 1995; PDB entry 1nsn, 71 iden-
tical residues encoded by the V_ gene) specific for
staphylococcal nuclease. Superposition of the com-
plete V. domain of F11.2.32 (111 residues) upon
that of 50.1, 59.1, 40-50 and N10 gives an r.m.s.
difference in a-carbon positions of 0.63 A, 0.71 A,
0.60 A and 0.89 A. While all five V. domains share
the same CDR1-L length, a large conformational
variability in the long CDRI1-L loop contributes sig-
nificantly to these differences (except for mAb 40-
50, where the CDR1-L conformation is in close
agreement).

Peptide structure

The ten well-ordered residues of the antigenic
peptide P36-P46 (Figure 6) adopt a compact struc-
ture in which the amino and carboxy termini are in
close proximity to each other. The two indepen-
dent copies of the antigen display an r.m.s. devi-
ation of 0.35 A for their main-chain atoms. Taking
into account the higher mobility of the terminal
ends of the peptide, these values are comparable to
the mean error expected for the atomic positions
for this structure (Luzzati, 1952). Residues Leu-
P38, Pro-P39, Gly-P40 and Arg-P41 form a type Il
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Table 4. Nucleotide and deduced amino acid sequences of the V, and V; domains of F11.2.32

Heavy Chain

Asp Leu
1 2 3 4 3 6 i)

TGT
cys
22

GCA
Ala
23

GCC
Ala
24

TCT
Ser
25

ACT

GAG
Glu
46

GTC
Val
48

GCA
Ala
49

TGG
Trp
47

ATC
Ile
689

2leelid
Ser

10

AGA
Arg
71

GAC
Asp
72

TAT
Tyr
90

TAC
Tyr
91

T=T
Cys
92

GCA
Ala
93

GGA
Gly
106

ACC
Thr
107

TCA
Ser
108

GTC
Val
109

| Light Chain

ACC

TTC
Phe
98

ATC
Ile
75

GGT
Gly
99

GGA

CAT
His
76

GGA
Gly
100

GTG CAA
val Gln
12513

TGG
Trp
36

GTT
Val
37

GTT
Val

GGG
Gly
16

GCT
Ala
40

GTC
val

TG
Ser
84

ATG
Met

TCC
Ser
17

CCA
Pro
41

AAC
Lys
64

TCT

CCT ATG
Pro Met
77T 78

GGG ACC
Gly Thr
101 102

CTG
Leu
104

AAC
Lys
103

GTG

GAT

GAG
Glu
105

CTA
Leu
2 ki)

TGG
Trp
35

CCT
Pro
59

TCT
Ser
83

GGG
Gly
16

TTC
Phe
36

GCC
Ala
60

GCA
Ala
84

CGG
Arg
18

CAG
Gln
17

CAA
Gln
37

AGG
AIg
61

ATG
Met
85

AAA
Lys
18

Lys
43

TGG

103

AGG
Arg
18

CAG
Gln
38

TIT
Phe
62

TAT
Tyr
86

CTC
Leu
20

GGG
Gly
44

TTC
Phe
67

GCC
Ala
a8

GGT
Gly
104

GCC
Ala
19

RAA
Lys
39

AGT
Ser
€3

TIC
Phe
87

TCC
Ser
21

CTA
Leu
45

ACC
Thr
68

CTG
Leu
B9

CAA
Gln
105

ACC
Thr
20

CCA
Pro
40

GGC
Gly
64

TGT
Cys
88

Nucleotides corresponding to the first five amino acid residues of the Vy; domain ar!d the first three residu_es of the V|
domain have not been sequenced; residues for these positions were obtained by amino acid microsequencing. The Vi
gene was not sequenced beyond codon 106 since nucleotides beyond this point were removed by cleavage at a Bglll
site. Residue numbering and indicated hypervariable regions are according to Kabat ef al. (1991).

B turn with Pro-P39 at position (i 4+ 1) and Gly-I’él_{}
at position (i +2). The peptide conforma_ltion‘ls
stabilised by several intramolecular interactions in-
volving both side-chain and main-chain atoms. In
particular, main-chain hydrogen bonds maintain a
B hairpin-like form for the peptide; the carbonyl
oxygen atom of Leu-P38 makes a bifurcated hydro-
gen bond with the amide nitrogen atoms of Arg-
P41 and Trp-P42, and the amide group of Leu-P38
interacts with the carbonyl group of Trp-P42. The
side-chain of Arg-P41 contributes additional stab-
ility to the peptide conformation by folding back to
form a charged hydrogen bond with the carbonyl

oxygen atom of Pro-P39. It is not known if pep-
tide(P36-P46) is well structured in solution, but
the presence of residues Pro-P39 and Gly-P40
could favour a type II B turn. p-Turn motifs have
been frequently observed for peptides in solution
(Dyson & Wright, 1991) as well as in complexes
with antibodies (Wilson & Stanfield, 1994,
Stanfield & Wilson, 1995).

Globally, the compact pB-hairpin conformation of
the bound peptide does not resemble the more
open structure of this segment in HIV-1 protease
(Figure 7). Although the ¢-¢ angles of pephd_e seg-
ments P36-P39 and P42-P45 fall in the p region of
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Figure 6. Difference electron density (contoured at 3c) in the region of the antigen-binding site in which peptide(P36-
P46) was omitted from the phase calculation. (a) View from above the antigen-binding site. The hypervariable regions
in contact with the antigen are indicated. (b) View from the side to emphasise the B-turn structure adopted by the
peptide in complex and the extensive interactions made with CDR3-H.

the Ramachandran plot, like their counterparts in
the cognate protein, the main-chain conformation
differs in the central region at P40 and P41 because
of the type II B turn (Figure 7b). Thus, while the o-
carbon atoms of peptide segments P36-P40 and
P42-P45 each separately superimpose well on HIV-
1 protease (Figure 7c and d), there is no overall
correspondence to the native structure of the pro-
tein.

Peptide-antibody interactions

The peptide forms direct interatomic contacts
with CDRI1-L, CDR3-L, CDR2-H and CDR3-H
(Figures 6 and 8). Hypervariable regions CDR2-L
and CDRI1-H, located at the periphery of the anti-
gen-binding site, are too distant to interact directly
with the compact antigen; indeed, they have been
noted generally for making no, or only few, inter-
actions with other Fab-bound peptides (Stanfield &
Wilson, 1993). Upon formation of the complex,
of solvent-accessible area for Fab F11.2.32
and 470 A? for the peptide (i.e. 55% of the total
peptide surface) become buried. Three water
molecules, which bridge contacts between the anti-
body and the bound peptide, are completely bur-
ied at the interface. The presence of these solvent
molecules significantly improves the complemen-
tarity between antibody and antigen; when in-
cluded in the calculation, the buried surface is
567 A2 for Fab F11.2.32 and 530 A® for the hy-
drated Pl'}"“d(’

The most extensive interactions from the anti-
body are made by CDR1-L and CDR3-H, which to-
gether account for nearly two-thirds of the buried
surface of the Fab (146 A? and 203 A?, respect-
ively). The antigen-binding site includes several
aromatic side-chains in direct contact with the pep-
tide: six tyrosine residues (L27D, L28, H50, H58,
HI100E and H100F), one phenylalanine residue
(L32) and one tryptophan residue (1.96) (Figures 8

555 A2

and 9). As generally observed in other Fab-peptide
&_‘1!111}7chu:«, the hypervariable regions of F11.2.32
form a hydrophobic cavity, in contrast to the more
flat topology often found at the binding site of
anti-protein antibodies (Stanfield & Wilson, 1993;
MacCallum et al., 1996).

Nine hydrogen bonds are formed between
F11.2.32 and the peptide, with additional hydrogen
bonds contributed by the three water malecules
buried at the antibody-antigen interface (Table 5
and Figure 8). Most polar interactions involve
main-chain atoms of the peptide. In particular, a
four-stranded anti-parallel § sheet is formed be-
tween the peptide and CDR3-H through Arg-P41,
Lys-P43 and Lys-P45 of the antigen and Tyr-
H100F, Thr-H100D and Asp-H100B of the hyper-
variable loop (Figure 6b). The only polar contacts
from side-chain atoms of the peptide involve the
guanidinium group of Arg-P41, which forms hy-
drogen bonds to Tyr-H58 and Lys-192. An inter-
action between the charged amino group of Lys-
.30 and the aromatic ring of Trp-P42 could also
contribute some polar character.

Peptide residues losing more than half of their
solvent-accessible surface area upon binding to
F11.2.32 also have lower temperature factors
(Figure 9). They form the continuous segment from
Leu-P38 to Trp-P42 (which includes the type II [
turn) located at the centre of the antigen-binding
site in contact with CDR3-L, CDR2-H and CDR3-
H. The three residues Gly-P40, Arg-P41 Trp-P42,
which essentially lose complete contact with the
solvent, account for nearly 55% of the lost accessi-
ble surface of the peptide in the complex. The most
numerous contacts contributed by the peptide
come, in fact, from Arg-P41 and Trp-P42; Arg-P4l
forms five hydrogen bonds to F11.2.32, one of
them being mediated by a water molecule to O of
Ser-1.93, while Trp-P42, whose aromatic side-chain
is sandwiched between CDRI1-L and CDR3-H,
makes exclusively van der Waals contacts with the
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(b)

e structure adopted by peptide(P36-P46) in the complex with Fab F11.2.32 and the

nt in the native protease (PDB entry code 3hvp). (a) A schematic view of the pro-
2.32 is shown in red. (b) Ramachandran graph indicating

ptide (black) and the protease (red); residues are
alent residues of the peptide and the

Figure 7. Comparison between th
conformation adopted by this segme
tease in which the location of the epitope recognised by F11
the differences in - angles of the segment 36 to 46 in the bound pe
named at the positions for the bound peptide and broken lines connect equiv
protease. Comparison of residues 36 to 45 of the protease (red) and bound peptide (yellow): (c) after superimposing
esidues 41 to 44. The Figure was prepared with program MOLSCRIPT

residues 36 to 40 and (d) after superimposing r

(Kraulis, 1991).
Cross-reactivity of F11.2.32 with peptide(P36-
P46) and possible mechanisms of HIV-1

protease inhibition
It is not uncommon that anti-protein antibodies

antibody. Residue Ser-P37, on the other hand,
cross-react with peptide fragments from the cog-

makes no interactions with the Fab molecule since
it is directed towards the solvent. The carboxy-
terminal region of the peptide extends beyond the
long CDR3-H loop and is completely disordered

for Met-P46.
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nate antigen (Van Regenmortel, 1986, 1987; Dyson
et al., 1988). This is most likely to occur with epi-
topes that are mainly continuous; indeed, such
cross-reactivity forms the basis of epitope mapping
with peptides. While a number of Fab-peptide
crystal structures have been reported to date, only
two of these are with anti-protein antibodies: (1)
mAb C3 (Wien et al., 1995), raised against heat-
inactivated poliovirus, and (2) mAb 8F5 (Tormo
et al., 1994), raised against the human rhinovirus.
In both Fab-peptide complexes, the bound peptide
corresponds to a segment of surface-exposed loop
from a viral protein subunit. Furthermore, both
antibody-bound peptides show partial structural
similarity to their equivalent regions in the intact
antigen. The epitopes recognised by C3 and 8F5
therefore behave as essentially continuous. In
neither case, however, has the structure of the

( H3: Asp100B, Gly100C )

Figure 8. Schematic view from
above the antigen-binding site in
the Fab-peptide complex. All Fab
residues in contact with the peptide
are indicated. Hydrogen bonds are
shown as broken lines. Three water
molecules buried at the interface
are also shown.

antibody complexed to the protein antigen been
determined to provide a complete structural
characterisation of the cross-reactivity of an anti-
protein antibody with a peptide.

F11.2.32, an anti-protein mAb raised against
HIV-1 protease, cross-reacts with the peptide frag-
ment from residues 36 to 46 of the enzyme. As
mentioned, however, the overall structure of the
bound peptide differs from that of the correspond-
ing region in the native protease. Moreover,
F11.2.32 efficiently sequesters the peptide by direct
interatomic contacts with nine of the ten ordered
residues through numerous van der Waals and
polar interactions (Figures 8 and 9). These obser-
vations suggest that if the antibody-antigen con-
tacts occurring in the Fab-peptide crystal structure
accurately reflect the interaction between F11.2.32
and HIV-1 protease, the antibody could have been

Lys P45
Pro P44 (haAspiooe )
(Ha: Gly100C, Thr100D, Tyr100F ) (1 Ty27D, Lysd0, Phes2,
x .- H3 Arg100, Asp100B, Gly100C
-] /] Thr100D, Tyr100E, Tyr100F
w TrpP42
@ L1: Phe3d2, L3: Ser91, Lys92, Glu93, Valdé
T Ag P e Trp96, H2. Tyrs8, Ha: Tyr100E, Tyr100F
@
z 77777 (13 196, H2. Tyrs0, H3. Tyri0oF )
2 GlyP40
3 s (= Toe, Tye )
B o Bl
Lo o8 EEEEEEAZZZZ777777777777773 (L1 Tyeio. La: Lysiz )
u
Ser P37
,
o e, )
0 10 20 30 40 50 60 70 80 80 100

F] % buried accessible area
M B (main chain) (A2)

rature factors of main-chain peptide atoms (filled bars) and percentage of accessible surface areas of

figare %, Tenipe « formation with the Fab (hatched bars). The corresponding Fab residues

the peptide residues buried upon comple
contacting each peptide residue are indicated.
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Table 5. Hydrogen bond interactions (<3.5 A) between F11.2.32 and

peptide(P36-P46)

HIV-1 Distance (A)
peptide (P36-)46) Fab F11.2.32 Fabl Fab2

A. Direct hydrogen bonds

Met-P36 O Tyr27D O" (L1) 272 291
Met-P36 N Tyr27D O" (L1) 273 351
Met-P36 N Tyr28 O" (L1) 3.26 3.4
Arg-P41 N Tyr58 O" (H2) 3.07 315
Arg-P41 N"™ Lys92 O (L3) 292 2.90
Arg-P41 O Tyr100F N (H3) 290 299
Lys-P43 N Thr 100D O (H3) 294 2.88
Lys-P43 O Thr100D O" (H3) 2.89 2.91
Lys-P45 N Aspl100B O (H3) 298 298

B. Hydrogen bonds mediated by water molecules

Gly-P40 O 3.55 Water 2.77 Trp96 (L3) N*'
Gly-P40 O 2.67 Water 2.73 His35 (H1) N*
Arg-P41 O 2.63 Water 2.54 Ser91 (L3) O

In B, distances are displayed for the first complex only

elicited by a non-native form of the viral enzyme.
The homodimeric protease has limited stability
(Szeltner et al., 1996; Mildner et al.. 1994) and we
cannot exclude the possibility that the immunis-
ation procedures used to obtain F11.2.32 (see Pro-
duction of hybridomas in Materials and Methods)
might have lead to presentation of the antigen in a
form different from its native state. Indeed, the
preliminary screening for anti-protease clones was
made by direct enzyme-linked immunoabsorbant
assay (ELISA) in which the enzyme was coated
onto the surface of the wells of the plastic ELISA
plate. Such procedures could have favoured selec-
tion of those clones secreting antibodies specific for
denatured forms of the antigen. ELISA measure-
ments made in the solution phase show, nonethe-
less, that F11.2.32 does bind to native HIV-1
protease. Moreover, FPLC analysis of Fab/protease
mixtures allowed identification of a peak migrating
differently from that of the Fab which proved, by
SDS-PAGE, to contain both the antibody fragment
and the enzyme (data not shown). Finally, the ob-
served inhibition of proteolyic activity we report
here shows unambiguously that F11.2.32 interacts
directly with native HIV-1 protease in solution.
Each segment of the HIV-1 protease that is struc-
turally similar to a segment of the bound peptide,
namely, P36-P39 and P42-P45, was used in turn as
a guide to detect possible docking orientations for
the intact enzyme. In both cases, however, severe
steric hindrance between the antibody and the
docked protein antigen resulted. Likely modes of
inferaction between F11.2.32 and the HIV-1 pro-
tease during the initial encounter are therefore not
immediately obvious from this simple and direct
examination of the crystal structure. Nonetheless, it
would seem plausible that the preliminary contacts
formed between F11.2.32 and the protease could
involve residues 39 to 41 of the antigen, sincg they
occupy the centre of the antigen-binding site In the
peptide complex. Indeed, induced conformational

changes to this region of the enzyme might readily
follow because these residues are exposed in the
native enzyme structure and are quite mobile, as
indicated by their thermal parameters.

If F11232 were to induce conformational
changes in the enzyme, as suggested by the Fab-
peptide crystal structure, the distortion of the func-
tionally important flap regions could be sufficient
to inhibit proteolytic activity. Furthermore, mol-
ecular dynamics simulations suggest that local
changes in HIV-1 protease conformation may pro-
voke long-range effects within the monomer or be-
tween monomers within the dimer (Harte et al.,
1992). Thus, the effect upon binding may be even
more extreme; the antibody might induce further
structural changes more distant from the epitope
which could, for example, lead to a more facile
dissociation of the functional dimer to inactive
monomers. Instances of antibody-induced struc-
tural changes in an antigen have been re-
ported, as shown, for example, by the expulsion of
the ferriheme group from metmyoglobin upon
being bound by anti-apomyoglobin antibodies
(Crumpton, 1965).

Potential cross-reactivity of F11.2.32 with
protease from different viral isolates

A comparison of HIV-1 protease sequences from
several viral isolates indicates that residues 38 to
40 and 42 to 46 are well conserved both in natu-
rally occurring strains, as well as those selected by
active site inhibitors, while residues 36, 37 and 41
are more prone to variation (Winslow et al., 1995).
Since Ser-P37 does not interact directly with resi-
dues of the Fab, mutations found at this position in
several isolates (Ser37 — Asn, Asp, Cys, Ala, or
Gln) might be tolerated without significant loss
of affinity. On the other hand, the mutation
Argdl — Lys, found in certain isolates and in sev-
eral clinical strains, could abolish recognition by
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Fab F11.2.32, since Arg4l makes numerous con-
tacts upon complex formation. Since most of the
polar interactions observed in the Fab F11.2.32-
peptide(P36-P46) complex are made by main-chain
atoms of the peptide, a significant number of the
mutations found in different viral isolates might be
tolerated by the antibody. Such a lack of specificity
has indeed been observed for certain peptide-bind-
ing proteins of known structure. The peptide-bind-
ing protein Oppa can accommodate side-chains of
different nature in a voluminous hydrated cavity
through polar interactions with main-chain atoms
of the peptides (Tame et al., 1994). In the case of
MHC molecules, disparate peptide sequences can
be accommodated in the binding groove of the
same MHC molecule (Matsumura et al., 1992,
Madden et al., 1993).

Conclusion

In this study, we have determined the three-
dimensional structure of the Fab fragment of an
anti-HIV-1 protease monoclonal antibody, F11.2.32,
both in the unliganded form and as a complex
with a peptide fragment from the putative epitope
of the viral enzyme. If the observed structure of
the Fab-peptide complex closely mimics the inter-
action between F11.2.32 and HIV-1 protease, the
antibody must induce significant conformational
changes in the native enzyme upon binding to it.
Accordingly, we have identified a region defined
between residues 36 and 46 on the surface of HIV-
1 protease which appears to be important for its
function, since binding by F11.2.32 leads to a sig-
nificant inhibition of the proteolytic activity.

Loeb et al. (1989) have shown that mutagenesis
of HIV-1 protease between residues 36 and 46
often produces an enzyme of reduced activity.
Thus, while HIV-1 protease with substitutions at
these positions could escape binding by F11.2.32, it
might also be less active. Hence, this region next to
the flap could be an alternative target for anti-viral
agents in the form of intra-cellular antibodies
(Chen ef al., 1994; Duan et al., 1994) or CDR mi-
metics (Saragovi et al., 1991) whose design could
be guided by the structure presented here.

Materials and Methods
Production of hybridomas

Monoclonal antibodies, raised against recombinant
HIV-1 protease with the BH10 isolate sequence (Ratner
et al., 1985), were obtained by the hybridoma technique
of Kohler & Milstein (1975). BALB/c mice were immu-
nised by administering a 10 pg dose of protease in the
presence of Freund’s adjuvant, followed by three l')onsper
injections of the same dose at 15-day intervals. A fma‘] in-
jection of 10 g of protease without adjuvant was given
three days before sacrifice, and the splenocytes thus ob-
tained were hybridised and cloned by limiting Idl_lutlon,
Clones were selected for anti-protease activity - as
measured by direct ELISA. The mAb F11.2.32 (IgG1.x),

expressed by one of these cell lines, was purified from
ascites fluid as described for other immunoglobulins
(Poljak, 1985) and the Fab was obtained by papain diges-
tion.

Inhibition of HIV-1 protease by F11.2.32

Kinetic measurements were performed according to
methods described by Urban et al. (1992) and Maijer et al.
(1993). Rates of cleavage of the substrate KARVNIe-
F(NO,)EANIe (Richards et al., 1990) were followed in
PBS buffer (pH 7.2) with 1% (v/v) Tween 20, 1% (w/v)
BSA, 0.02% (v/v) p-mercaptoethanol and 1 mM EDTA.
HIV-1 protease at concentration 50 nM was first incu-
bated with varying amounts of Fab F11.2.32 (0 to
600 nM) for 20 minutes at 37°C and the reaction was
started by adding the substrate solution (final concen-
tration 0.125mM). Aliquots of the reaction mixtures
were stopped after fixed time intervals by adding 20%
(v/v) TFA. The total reaction time for each run was one
hour. The substrate cleavage products were measured by
reverse-phase HPLC (Merck) using a VYDAC C18 col-
umn (4.5 mm x 1500 mm) and an acetonitrile/water gra-
dient. The resulting data were analysed with the
program Enzfitter (version 1.03, R.L. Latherbarrow,
Elsevier-Biosoft, 1987).

Nucleotide and protein sequencing of F11.2.32

A total mRNA fraction was purified from 2 x 10° hy-
bridoma cells using the Quick Prep Micro mRNA Purifi-
cation kit (Pharmacia Biotech). The cDNA was produced
from 1 pg of mRNA using 200 units of Superscript Re-
verse Transcriptase (GIBCO BRL) and a random selec-
tion of hexanucleotide primers (50 pmol) in a reaction
volume of 20 pl. Genes coding for the variable domains
were amplified from 1 pl of cDNA in each case by the
polymerase chain reaction, using 60 pmol each of V-5
and V-3’ primers for V,, and 250 pmol of V-5 and
60 pmol V-3’ primers for V,;. The amplified gene frag-
ments were purified on 2% (w/v) agarose (SeaPlaque,
FMC) and digested with Poull and BglII for the V,, and
with Pstl and EcoRI for V. Following purification on 2%
agarose, the V, and V,; gene inserts were cloned into
pBluescript (cut with EcoRV and BamHI) and pUC18 (cut
with Pstl and EcoRI) vectors, respectively. The primers
were: V-5, 5-d(GACACTCAGCTGACCCAGTCTC-
CA),V,-3, 5-d(GTTAGATCTCCAGCTTGGTCCC), V-
5, 5-d(GACGTSCARCTGCAGGARTCWGG), V-3, 5'-
d(ATGGAATTCTGAGGAGACTGT). (Restriction sites,
which are underlined, are Poull, Bglll, Pstl and EcoRl, re-
spectively, and standard abbreviations have been used
for mixed sites: S, Cor G; R, A or G; W, A or T.) The V, -
3’ primer is according to Orlandi et al. (1989) while the
Vy-3' primer is according to Ge et al. (1995). The V,-5'
and V-5 primers were designed from the sequence of
the first eight residues of the light and heavy chains, as
obtained by Edman degradation on a 470 Applied Bio-
systems Sequencer. Nucleotide sequencing was per-
formed in both directions by the dideoxy chain
termination method on an automatic sequencer and con-
firmed by comparison of at least three products from
separate polymerase chain reactions. Sequences were
analysed using the program Blast (Altschul ef al., 1990).
The complete sequence of Vi, and V; domains is given
in Table 4; numbering of the amino acid positions fol-
lows the convention of Kabat et al. (1991). The nucleotide
sequences of the variable heavy and light chains have
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been deposited with the Genbank (accession numbers
U62632 and U62633, respectively).

Diffraction measurements from the free Fab F11.2.32

Diffraction measurements and data reduction for the
Fab F11.2.32-peptide(P36-P46) complex have been de-
scribed (Lescar et al., 1996). Data for the free Fab F11.2.32
were measured to 2.6 A resolution from a single crystal
using flash-freezing techniques. The crystal was pre-
pared for cryocooling by soaking in the crystallisation
buffer to which glycerol ( 20% v/v) had been added,
then mounted on a fibre loop and maintained at 110 K
using the Oxford Cryosystem. X-ray diffraction data
were collected on a MARresearch imaging plate using
graphite-monochromated Cu-Kx radiation. The unit cell
parameters of the unliganded Fab (Table 1) differ from
those reported previously (Lescar ef al.,, 1996), perhaps
reflecting the variability that can occur with different
flash-frozen samples. From a total of 105,230 measured
Bragg intensities extending to 2.6 A resolution, a unique
data set of 25,505 reflections (96.8% complete) was ob-
tained with a merging R-factor of 0.106 (55.4% of the
data have an intensity greater than 3o in the highest res-
olution shell).

Structure refinement
Fab F11.2.32-peptide(P36-P46)

Initial models for the free and complexed Fab were
obtained by molecular replacement as previously re-
ported (Lescar et al., 1996). Since data for the peptide
complex extended to a higher resolution, this structure
was refined first. During the initial stages of the refine-
ment, the sequence of the antibody was not known, ex-
cept for the first eight amino-terminal residues of the
light and heavy chains, as obtained by amino acid micro-
sequencing. With this information, tentative assignments
were made for the V,; and V, families, and a model for
each domain was selected accordingly from known anti-
body structures. Thus, V; was modelled on AN02 (Briin-
ger et al., 1991, PDB entry 1baf) and Vi; on NQI10 (Alzari
et al., 1990), but with the three CDR loops of each do-
main removed and all non-conserved framework resi-
dues within the subgroup modelled as alanine. The
atomic model was subjected to alternate cycles of refine-
ment by simulated annealing using the program X-
PLOR (Briinger ¢t al., 1987) with the molecular parameter
set of Engh & Huber (1991), and manual model building
to (2F, — F.) electron density maps using the programs
QUANTA (Molecular Simulations Inc.) and O (Jones
et al., 1991). Calculations were made with a set of reflec-
tions taken between the resolution limits of 7.0 A and
22 A with F > 36 (35,173 reflections). The initial model
from molecular replacement had an R-factor of 0.439 and
an R, (Briinger, 1992) of 0.448. (1748 data were ran-
domly chosen to monitor R..).

During most of the refinement procedure, only one of
the two independent molecules in the asymmetric unit
was constructed using real-space averaged electron den-
sity maps calculated with the program DM from the
CCP4 program suite (CCP4, 1994). After a series of
modifications had been made to the model, the second
molecule was generated from the first for the subsequent
cycle of X-PLOR by applying the non-crystallographic
symmetry. Using this procedure, five of the six CDR
loops were successively constructed in the following
order: CDR2-1, CDR3-L, CDR1-H, CDRI-L and CDR2-

H. Some connected density became visible at the centre
of the antigen-binding site as the refinement progressed,
but no interpretation was attempted vyet, since CDR3-H
was absent from the model. The model, without the pep-
tide and the CDR3-H loop included, had an R-factor of
0.262, and an Ry, value of 0.360. At this stage, the se-
quence of F11.2.32 became available (Table 4) and many
of the appropriate side-chains could be successfully fitted
to the electron density. The subsequent cycle of X-PLOR
returned an averaged electron density map in which the
main chain of CDR3-H, comprising 16 residues, could be
unambiguously traced, although some side-chains at the
extremity of the loop were not visible.

Construction of the bound peptide was then begun.
The aromatic ring of Trp-P42 and the guanidinium
group of Arg-P43 were clearly identified in the difference
map, and an unambiguous tracing of residues P38 to
P42 of the peptide readily followed. From this point on-
wards, the two molecules in the asymmetric unit were
refined and built independently. After additional cycles
of simulated annealing, the peptide had been traced
from Met-P36 to Lys-P45 (although no side-chain could
be placed for P45). Solvent molecules were located with
the aid of the program ARP (Lamzin & Wilson, 1993),
working in the restrained-option mode; in total, 400 sol-
vent molecules were thus placed. (87 pairs of solvent
molecules are related by the non-crystallographic dyad.)
The final R-factor and Ry, value were 0.198 and 0.289,
frest}})lectively. Refinement statistics are summarised in

able 2.

Free Fab F11.2.32

The coordinates of the Fab from the refined peptide
complex were superimposed onto the molecular replace-
ment solution of the free Fab (two molecules in the
asymmetric unit) to generate the initial model. Structure
factors for the refinement were those with F > 2c lying
between the resolution limits 8.0 A and 2.6 A (24,431 re-
flections). Residues 127D to L29 from CDRI1-L and resi-
dues H96 to H103 from CDR3-H were removed from
both molecules, since these correspond to the extremities
of long, flexible loops. During the refinement with X-
PLOR, non-crystallographic restraints were applied be-
tween the two molecules of the asymmetric unit. Initial
R-factor and Ry,. were 0.418 and 0.433, respectively
(1181 reflections were used to monitor R;.). Alternate
cycles of refinement and rebuilding to electron density
maps led to the successful construction of the main chain
of CDRI-L and CDR3-H, together with most of their
side-chains, giving an R-factor and R of 0.251 and
0.345, respectively.

Most of the intermolecular contacts are made between
the two Fab molecules in the asymmetric unit which are
related by a non-crystallographic dyad (see Results and
Discussion). Moreover, side-chains involved in other
intermolecular contacts were generally well defined.
A cycle of simulated annealing, with non-crystallo-
graphic symmetry restraints removed, was nonetheless
made at this point; although the R-factor dropped to
0.245 and the R, rose to 0.373. Refinement was there-
fore continued with restraints applied as before, except
for the protruding loops of CDRI-L and CDR3-H, as
well as the side-chains of Arg-L18 and Arg-H18 for
which the electron density showed clear deviations from
non-crystallographic symmetry. A total of 235 solvent
molecules, of which 78 pairs were related by the non-
crystallographic dyad, were placed in subsequent cycles.
Solvent molecules were retained in the model only if
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their temperature factor was less than 40 A? and if they
had an equivalent solvent molecule in the second Fab, or
less than 25 A? if there was no such equivalent solvent.
The final model, for which the r.m.s. deviation between
all (main and side-chain) atoms of the two Fabs was
0.24 A after superposition, gave an R-factor of 0.206 and

R of 0.317. Final refinement statistics are given in
Table 2.

Structure analysis and modelling

Solvent-accessible surface areas were calculated with a
probe radius of 1.7 A and standard van der Waals radii
for protein atoms using the program MS (Connolly,
1983). Electrostatic surface potentials were mapped on
the solvent-accessible surface with the program GRASP
(Nicholls et al., 1991) using the full charge set and default
parameters. Framework residues chosen for superposi-
tions, using the program LSOQKAB from the program
suite (CCP4, 1994) were taken from the structural align-
ment proposed by Padlan (1994).
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X-ray protein diffractometer and basis of the rotation method

PROTEINOVY DIFRAKTOMETR - MERENI ROTACNI METODOU
Jifi Brynda

Department of Gene Manipulation, Institute of Molecular Genetics, Academy of Sciences of the
Czech Republic, Flemingovo nam. 2, 166 37 Prague 6, Czech Republic

Keywords:

protein diffractometer, rotation method, macromolecular
crystallography

Abstract

X-ray data collection is central experiment in a crystal
structure analysis. Recent advances such as cryogenic
cooling and two-dimensional detectors have made data col-
lection technically easier, but it remains fundamental sci-
entific procedure underpinning the whole structural
analysis. A brief discussion of the most important aspects
of the data collection 1s given. Reviews on X-ray data col-
lection techniques in macromolecular crystallography can
be found in: International Tables for Crystallography, Vol-
ume F, 177 - 195

Uvod

Meéreni difrak¢nich dat je zakladni experiment v krystalové
strukturni analyze. Pro struktury malych molekul jsou
bézné meéfena data do atomového rozliSeni (vétSinou do
0.8 A), takze fazovy problém miize byt feSen pfimo a pozi-
ce atomii mohou byt rafinovany plné anizotropnim mode-
lem.

Krystaly makromolekul jsou z hlediska méfeni difrak-
¢nich dat mnohem problematictéjsi. Prvni problém vyply-
va z velikosti elementarni bunky, diky které jsou primérné
intenzity reflexi mnohem nizsi a jejich pocet vyssi ( tabulka
1). Za druhé, ¢ast objemu krystalu tvofi kanaly vyplnéné
neuspofadanym rozpoustédlem, takze dale snizuji intenzitu
reflexi na vysokém rozliseni a ve vétiné pfipadi omezuji
rozlideni na mnohem nizsi nez atomové. Za tieti, opét
predeviim diky obsahu rozpoustédla, jsou krystaly citlivé
na radiaéni poSkozeni. Nedavny technicky pokrok
v méficich metodach, jako napf. pouzivani synchrotrono-
vého zafeni, méfeni zmrazenych krystalii a vysoce u¢inné
plodné detektory, usnadnil méfeni, ale to stale zustava
zikladem celé strukturni analyzy. Proto je nezbytné tomuto
klicovému kroku vénovat maximalni pozornost.

Tabulka 1. Velikost elementarni buiiky a pocet reflexi.

Sloucenina gda;::z;g' gﬁ?yn POéd. k Pr1.|.m
[A] [A] reflexi | intenzita
Organicka sl. 10 1000 2000 1
Supermolekula | 30 27000 | 30000 1/27000
Protein 100 10° 10° 10°
Virus 400 10° 10° 10°*

1. Souéasti proteinového difraktometru

Pro sbér dat z makromolekuldrniho monokrystalu pri
konkrétni vlnové delce potrebujete difraktometr slozeny
z nasledujicich soucasti:

(1) zdroj RTG zareni

(2) optickou soustavu pro fokusaci RTG zafeni na vzorek
(3) monochromator pro selekci jedné vinove délky zafeni
(4) kolimator pro upravu rozmeéra RTG zafeni

(5) ,,zaverku® (shuter) pro kontrolu expozice vzorku

(6) goniostat spojeny s drzakem vzorku

Dile je velice vhodné mit k dispozici:

(1) zafizeni pro méfeni zmrazenych krystalu

(2) ac¢inny plosny detektor

(3) software pro méfeni, ukladani a zobrazovani
exponovanych dat

(4) software pro zpracovani dat, tj. ziskdni intenzit
jednotlivych Braggovskych difrakei a jejich chyb.

2. Zdroj RTG zareni - rotaéni anoda

Ve strukturni analyze makromolekul je praktiky vzdy
pouzivana Cu anoda s fixni vinovou deélkou 1.542 A
(pokud neni zdrojem synchrotronové zéfeni). Rotacni
anoda ma proti klasické rentgence vyhodu vyssi intenzity
RTG zafeni. Systémy jsou dnes bézneé vybaveny grafi-
tovym monochromatorem, nebo fokusanimi  zrcadly,
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nebo vicevrstvou optikou (Osmic), které zajist'uji fokusaci
a monochromatizaci RTG zafeni. Velice dilezita je volba
apretury kolimatoru, ta by mela odpovidat velikosti
krystalu, avSak pro velké krystaly s velkou elementamni
buitkou je lépe pozit kolimator s mensi apreturou néz
velikost krystalu pro lep§i prostoroveé rozliSeni reflexi.

3. Goniostat a detektor

Difrakéni podminka je pro konkreétni reflexi splnéna pokud
odpovidajici bod reciproké mfize protina plochu Ewaldovy
sfery. Pokud je ozarovan stacionarni krystal RTG zarenim,
pak pouze néktere reflexe splhuji difrakéni podminku.
Proto pokud chceme zméfit vetsi mnozstvi dat ( pokud
mozno viechny méritelne, tj. kompletni soubor dat),
musime zménit bud’ velikost Ewaldovy sféry nebo orien-
taci krystalu. Prvni moznost, s vyuzitim polychromaticke-
ho, ..bilého™ RTG zareni je ziklad Laueho metody. Pokud
pouzivame monochromatické zafeni vybrané vlnové
délky, pak musime geometrii krystalu béhem expozice
meénit tak, aby byly difrakéni podminky splnény pro vice
reflexi. Proteinove difraktometry prakticky vzdy pozivaji
rotaci krystalu a plosny detektor.

Prvnim plosnymi detektory byly fotograficke filmy
automaticky snimane optickymi denzitometry. Takto digi-
talizovane difrakéni obrazce byly preneseny na disk.
Hlavni nevyhody pouzti fotografickych filmu byla
pracnost, c¢asova naroc¢nost, vysoké pozadi a maly
dynamicky rozsah. Postupné byly vyvinuty dalSi ploSné
detektory: dratové proporcionalni ¢itace, ,.Imaging plates™
a konecné CCD detektory (charge-coupled devices ).
Prakticky vSechny soucasné plosné detektory jsou dnes
pouzivany v kombinaci s goniostatem, ktery zajist'uje
rotaci krystalu okolo jedné osy béhem expozice. Zbyle
pfistroje vyuzivaji kappa geometrie (®», k, @) kolibky
goniometru pro nastaveni krystalu do dalsi pocatecni
polohy, ale béhem méreni taktéz rotuji krystal kolem jedné
0sy.

4. Zaklady rotaéni metody

Pti pouziti Ewaldovy konstrukce (obr. 1), ktera je geomet-
rickou interpretaci Braggova zakona, je monochromatické
zafeni representovano povrchem koule o poloméru 1/ a
krystal reciprokou mfizkou. Reciproka miizka sestava
z bodii lezicich na konci vektori kolmych k difrakénim
rovinam a jejich délka je imérna pfevracené hodnoté mezi-
rovinné vzdalenosti 1/d. Pfi rotaéni metodé je krystal
otacen o dany ahel definovany jako uhel ¢.

Pro krystal v jedné orientaci bude pouze mala Cast
reflexi spliovat difrakéni podminku. Pocet reflexi bude
velice maly pro malé molekuly (v nékterych orientacich i
nulovy). Krystaly makromolekul maji viak vetsi
elementarni bunky (a, b, ¢ v fadu 100 A), pokud srovnava-
me s vinovou délkou pouzitého zafeni, coz v geometrickeé
interpretaci znamena, 7e reciprokd mfizka je velice husté
zaplnéna vzhledem k velikosti Ewaldovy sfeéry. Z toho
vyplyva, ze mnoho reflexi difraktuje sou¢asné do ruznych
smért, jelikoz mnoho bodi reciproké mfizky lezi soucasné
na povrchu Ewaldovy sféry. To také vysvétluje vyhodu
velkych plodnych detektorti pro méfeni krystalii s velkou
elementarni buiikou.

Obr.1. Ewaldova konstrukce. Bod reciproké mritky leti na
povrchu Ewaldovy sféry pokud je splnena nasledujici trigono-
metricka podminka: 1/2d = (1/A) sin 6. Po jednoduché upravé
dostaneme Braggovu rovnici: A = 2d sinf. Takt'e pokud bod
s indexy Akl reciproké mrit'’ky let'i na povrchu Ewaldovy sféry, je
splnéna difrakéni podminka a dojde k difrakei v daném sméru.

Body reciproké mfize lezi v rovinach, takze protinaji
Ewaldovu sféru v kruznicich. Odpovidajici difraktované
reflexe z centra Ewaldovy sféry tak tvori kuzely a jelikoz
pfi vétsiné experiment je detektor umistén kolmo na smér
primarniho svazku zafeni, tvofi reflexe rovin elipsy (viz
obr. 2). Pokud néktera osa krystalu lezi téméf paralelné
s primarnim zarenim, elipsy vytvareji soustredne kruhy
s centrem ve stfedu detektoru. VSechny reflexe lezici na
jedné kruznici (elipse) maji jeden index spole¢ny a pro
necentrovane bunky postupné vzrista o jednotku. Vzdale-
nosti mezi kruhy zaviseji na prevracené hodnoté parametru
rovnobézného s primarnim zarenim.

Obr. 2 Rovina reflexi, kterd je pfiblitné kolmd k zafeni da
vzniknout elipse reflexi na detektoru.

4.1, Mosaicita krystalu a divergence zareni

Pfi Ewaldové konstrukei predpokladame idedlni zdroj
zafeni s totalné paralelnim zafenim a idedlni krystal se
viemi elementarnimi buiikami stejné orientovanymi, takze
vysledkem by byly bodové, nekoneéné ostré Braggovske
difrakce. Redlné experimentilni podminky se od tohoto
idealu li§i ve tiech aspektech. Za prve, dopadajici zafeni
neni nikdy dokonale paralelni, za druhé, redlné zafeni neni
striktné monochromatické a za tfeti, realné krystaly jsou
tvofeny malymi mosaikovymi bloky, které nejsou vzijem-
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(b)

Obr. 3 Schematické znazoméni divergence zafeni & a mosacity
krystalu . (a) V pfimém prostoru, (b) v reciprokém prostoru,
kde je Ewaldova sféra rozsifena diky koneéné Sifce pasu pout’ité
vinové délky 6A/A.

né presné stejné orientované. Pokud méfime krystaly
makromolekul pfi laboratomni teploté je rozpéti vzajemne
orientace mosaikovych blokii (mosaicita) vétSinou do
0.05° ale pokud krystaly méfime zmratené mut'e mosai-
cita vzrlst at’ na 1° i vice. Viechny tyto efekty (schema-
ticky znazornéné na obr. 3) rozsifuji difrakce na veétsi
rozsah rotace krystalu.

4.2. Rotaéni snimky a ,lunes*

Pokud chceme zméfit dalsi reflexe, které v danné orientaci
nelezi na povrchu Ewaldovy sféry, pfi pouziti monochro-
matického zafeni, musime krystalem otacet aby pro dalsi
reflexe byly splnény difrakéni podminky. Pokud je krystal
ota¢en okolo jedné osy béhem po sobé nasledujicich

expozicich, jedna se o rotaéni metodu. V praxi je rotacni
osa skoro vzdy kolma k dopadajicimu zéfeni, tak aby byla
zachovéna symetrie mezi obéma polovinami kompletniho
snimku. Toto je nejéastéji pouzivanad metoda pfi méfeni
difrakénich dat krystali makromolekul. Pokud je krystal
rotovan béhem expozice, elipsy popsané pro fixni pozici
krystalu méni svoji pozici. Vysledkem je, ze snimek
vznikly béhem expozice obsahuje viechny difrakce mezi
dvémi limitnimi pozicemi elips na zalatku a konei dane
rotace, které tvofi tzv. ,,pilmésice” ( lunes ).

< Ap n-Ag¢

Obr. 4. Vzhled ,lunes“: (a) krystal s malou mosaicitou, (b)
krystal s velkou mosaicitou.

4.3. Caste¢né a tplné zméFené difrakce

Pfi rotacni metodé vznikaji ,lunes™ jez obsahuji difrakce
mezi elipsami vzniklymi mezi misty, kterda byla na
Ewaldove sfére prot'ata danou rovinou reciproké mrizky
mezi zacatkem a koncem rotaéniho intervalu Ag. Pokud
byla Ewaldova sféra prot'ata danym bodem reciproké mrize
kompletné, je zméfena uplné a naopak, pokud bod
reciprokého prostoru prosel jen z ¢asti Ewaldovou sférou,
dokonéi pruchod pii dalSi rotaci a dana reflexe je na
jednotlivych rotacnich snimcich registrovina po astech.
Vzhledem k velke hustoté reciproké mfize je nemozné
zmefit vSechny reflexe naraz béhem jedné velké rotace,
jelikoz by dochazelo k pfekryvani difrakci. Na Sitku
lunes™ ma zasadni vliv mosaicita krystalu (vliv diver-
gence a mosacity nelze jednoduse separovat, navic diver-
gence je prakticky konstantou pro dany zdroj a je vétSinou
zanedbatelna ve srovnani s mosaicitou). Pokud je mosacita
mald jsou ,lunes™ uzké, naopak velka mosaicita znaéné
rozsifuje plochu , Junes™ (viz obr. 4).

() £ (b

()

Obr. 5. Sifka, Junes" je imémna A (rotaénimu (hlu na jednu
expozici). Velikost Ag (rotaéni tihel na jednu expozici) roste
od (a) do (¢), at’ u (c) dochazi k prekryvu,
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4.4. Velikost rotaéniho intervalu

Zasadnim parametrem rota¢ni metody je velikost rotaéniho
intervalu na jednotlivou expozici. V praxi existuji dva
zakladni pfistupy: velké a malé rotacni intervaly (v origina-
le wide and fine slicing ¢ ). Obé metody maji své vyhody i
limitace. Jemne vzorkovani minimalizuje pozadi, umoz-
fuje presné fitovani difrakéniho profilu ve ¢. Hrubé
vzorkovani je vhodné pokud doba ¢teni z detektoru je
relativné dlouha a dale vétSina reflexi je zméfena jako
iplné zméfené. Na obr.5 mizete vidét vliv velikosti rotaé-
niho intervalu na Sitku ,,lunes™.

4.5. Vzdalenost krystal detektor

Dal$im zasadnim parametrem rota¢ni metody je vzdalenost
od krystalu k detektoru (). Na véech difraktometrech pro
méfeni makromolekulamich krystali je tato vzdalenost

ménind, vétSinou je minimalni vzdalenost limitovana
moznou srazkou detektoru s goniometrem nebo chlazenim
a maximalni vzdalenost je ddna konstrukéni volbou
vyrobee. Cim kratsi je d, do tim vétsiho rozliseni je mozno
meéfit. Jelikoz je vSak rozliSeni témér vzdy limitovano dif-
rakéni kvalitou vzorku, je vhodné nastavit vzdalenost tak,
aby byla vhodné vyuzita cela plocha detektoru (jak pravi
klasici proteinové krystalografie: ,,Je diilezité méfit inten-

zity, nikoli indexy*.). S d souvisi i prostorové rozliSeni

jednotlivych difrakei. Dalsi faky je fokusace svazku

zafeni, pokud je zafeni fokusovano na uréitou vzdalenost,

pak jsou difrakce nejlépe prokresleny v této vzdalenosti.
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Abstract

In biocrystallography, neutron diffraction is used mainly to
determine the position of hydrogen atoms, the position and
orientation of solvent water bound to the biomolecules and
the position and low-resolution structure of other mole-
cules rich in hydrogen. if this information cannot be ob-
tained otherwise. The low flux of neutron beams limits this
method to exceptionally large crystals or to non-crystalline
material. This report focuses on single-crystal structure de-
termination. Experimental setup at LADI instrument at [LL
including a high-resolution position sensitive detector for
Laue diffraction is described. Deuterisation of the sample
as a way to increase the signal-to-noise ratio and the possi-
bilities it creates for selective labeling are discussed.

Advantages of neutron diffraction - why to use
neutrons

Neutron diffraction is used much less than X-ray diffrac-
tion for protein structure determination. This is because the
flux of neutron beams is much lower than the flux of X-ray
beams, and also because of low availability of neutron
sources. Nevertheless some problems can be solved only
by diffraction of neutrons [1]. The main advantage of neu-
trons is their relatively high elastic scattering by hydrogen.
Hydrogen atoms can be seen in maps obtained with neu-
trons even if they are not visible with X-rays. Neutron dif-
fraction is therefore used to determine the positions of
important hydrogen atoms, such as atoms involved in enzy-
matic reactions or in important hydrogen bonds and to

study hydratation of biomolecules. Neutron diffraction can
tell us whether a particular acidic group is dissociated or
has a hydrogen atom bound to it, it can discriminate be-
tween water and hydroxyl anion in the active site of an en-
zyme, it can determine the orientation of a water molecule.
Even if only low resolution data can be obtained, neutron
diffraction can give us information on the position of sol-
vent or other hydrogen containing molecule. In such cases
labelling of the molecule of interest by replacing its hydro-
gen atoms by deuterium is used.

In contrast to X-rays, neutrons are not scattered by elec-
trons but by the nuclei of atoms in biological materials. The
interactions of neutrons with nuclei depend on strong nu-
clear forces and the scattering amplitudes vary from ele-
ment to element in a non systematic way, which means
atoms of similar atomic mass can be distinguished which
would seem the same with X-rays. Even different isotopes
or nuclei with different spin have different scattering am-
plitudes.

The scattering amplitude of hydrogen is of the same or-
der of magnitude as the amplitudes of other atoms predomi-
nating in biological molecules (Table 1.), so the scattering
by hydrogen is not overridden by heavier atoms. The scat-
tering from hydrogen can be increased even more by re-
placing hydrogen 'H by deuterium (*H, often written as D).
The deuterium amplitude is almost twice as high as that of
hydrogen 'H. Moreover incoherent scattering, which cre-
ates background in the diffraction image, is lower for deu-
terium than for hydrogen. The deuterium amplitude is
positive, while the hydrogen 'Hamplitude is negative.
When hydrogen atom is bound to a heavier atom, the neigh-
bouring positive and negative densities can partially cancel
out. This does not happen with deuterium. The difference
between hydrogen and deuterium scattering can be used for
labelling only some atoms and/or computing difference in
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