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ystal structures of an Fab (NC6.8) from a murine 1gG2b(x) antibody and its complex with
sweet-tasting, N- N'- N"-trisubstituted  goanidine compound [(NC174) have been
determined by X-ray an&ly%iq Both erystal forms are produced by a microseeding technigue
in polyethylene glycal (PEG) 8000 but the habite and space groups are very different. The
native protein crystallizes as plates in the monoclinic space group 2 and the complex
stallizes as prisms in the orthorhombic space group P2,2,2 The structures were solved
molecular replacement methods, with the Fab fragments from the 4-4-20, HyHel-5 and
Vid-01 antibodies as starting models. On binding of the ligand, N-{p- cvanuphenvlj -
iphenylmethyl)- A" -(earboxymethyljguanidine, the protein exhibits  significant  local
~eonformational changes in the active site, particularly in the third complementarity-
determining region {CDR‘%] of the heavy chain. The ligand enters the small crevice by end-
con insertion with the eyvanophenyl group in the lead and the diphenyl rings partially
'5]\1‘!:211:11.Ldmg.j from the entrance. No strict m-7 stacking interactions are observed, However,
rosine 132 (CDR1), tyrosine LO6 (CDR3) and tryptophan H33 (CDR1) help immaobilize
he eyanophenyl ring and guanido group, and tvrosine H96 moves about 45 A to lie
tween the rings of the diphenyl group. The positive charge on the gnanido group is
penzated by glitamic acid Ho0 (CDRZ) while the negative charge on acetic acid is
ralized by arginine H36 (CDR2) and by hydrogen bonding with asparagine 5%
13IR2). Water molecules participate in the binding process by hydrogen bonding with the
ano and guanido groups. The mechanism of binding is a clear example of indueed fit, Like
emoglobin, the NCGH Fab can be classified as an allosteric protein, sinee its overall
cture is altered by the binding of a small ligand. Tn erystals of the native Fab the elbow
angle iz 1847 while in erystals of the complex the elbow angle is 153°. There is also a
ciprocal push-pull type of change where the heavy chain is flexed and the light chain is
tended. The tail of the heavy chain, which would be connected to the Fe in an intact
tibody, is displaced 19 A relative to its position in the nnliganded Fab, Within the limited

g of sweetener-Fab complexes we have thus far examined, only the NC174 hapten has
produced such resulis. Complexes of NCG.8 Fab with NC24 or NC90 (2-dimethyl-4-methyl-
cyelo [2.2.1] heptanyl or cyclooctanyl derivatives of gnanidine) crystallize in the same
cgpace group as the native NCGH and have structures resembling the latter rather than the
HFab liganded with NC174.

~ Keywords: anti-sweetener Fab; antigen-antibody complex; transmitted conformational
changes; molecular signalling, erystal structure

Author to whom all correspondence should e addressed,
247

M4 T 28 305000 3 1998 Academic Press Linited



248 Tranamtled Conformationel Changes on Complecation

L. Introduction

In the very early stages of this project one of us
(L5 added ligand to a suspension of crvstals of the
native Fali in mother liguor, These crystals immedi-
ately began to disintegrate and crvstals  with
different hahbits rapidly took their place. It was
apparent that we were wilnessing a modern version
of Felix Hanrowile's classic experiment (Haurowitz,
1938} in which erystals of deoxvhemoglobin were
shattered by exposure to air to produce oxyhemo-
globin. In both examples the introduction of a small
moleeule led to conformational changes that were
incompatible with the crystal packing of the
original macromolecular species. Examination of
the erystal structure of the murine NCG.8 Fab in the
presence and absence of the small sweet-tasting
ligand NC174 is the subject of this paper,

There are many advantages in selecting this
system  for  Xorav  analyses, The amino  aeid
sequences of the variable (V) domains of the NOG R
light (L) and heavy (H) chaing have been dedueed
from nueleotide sequences (LM AL & DR L., unpub-
lished results) and the protein is amenable to future
studies by site-direcled mutagenesis. With its three
planar phenyl rings and o guanido group, the NO174
ligand should be easily recognized in difference
Fourier maps. The average dissociation constant for
complexation of the ligand with the intact Te(G2b(x)
antibody in solution is 53x107% M (JMA &
VS 1., unpublished results), a value suggesting
that the ligand will probably not show significant
mobility when bound to the Tab,

NOTT4 ds 200,000 times sweeter than sucrose and
consequently is & good candidate for nsing ligand-
antibody interactions as a paradigm for the hinding
of sweet taste ligands by biological receptors. For
example, one of the NC174 components, the
preyanophenyl ring, is believed to interact with
residues in a putative sweel laste receptor protein
[Muller et af., 1992), A model] for a receptor site with
balaneed electrostatie and hydrophobic interactions
has been proposed io match the properties of low
energy conformers of various sweetencrs (Walters of
al, 18981y Compounds with optimized clectrostatic
potential produce a sweet taste when bound Lo a
receptor. Ligands best enited for spatial complemen-
tarity with the receptor show the highest potencies,
NOC174 has switterionic properties, hydrogen hond
donors and acceptors and three aryl groups to
contribute to zuch requirements for sweetness,

The expected mimicry of receptor sitez can be
explored in depth by ceystallographic analyses. In
turn, the X-ray resultz can be used a= standards for
compuler assisted modeling and dynamics simula-
tiens of binding interactions with related ligands,

Before the crvstallographic results were made
available to anyone outside the Amarillo labora-
tory, independent investigations were carried outl at

T Abbreviations used: V. variable region; L, light: H,
heavy; PEG, polvethylene ﬂiven] CIR,
complementarity determmmg region: U, constant region;
s, root-mean-soquare; PR, framework region.

This mixture was added to the protein solution s

Triz HCL 015 M NaCl, 1 mM sodinm aside, The

Texas A & M University and the Univg
Ilineis  at  Urbana-Champaign  to p
characterize the combining site of the 3
body. Computer madeling technigues (K
1991: Anchin eof al, 1991 Bassoling-Kii
1992: Anchin & Linthieam, 1992 Ma
Lithicum, 1992} were used concomi
fluorescence spectroscopy data (Droup
1992} io predict kev antibody residues §
the recognition of the sweetener ligand
agreement between  the predicted an
results  will  be  presented  elzew
Viswanathan, J. Anchin, T
Mandal, 1), 5. Linthicum & &,
unparhlished vesults).

2. Materials and Methods

(a) Purification of the fatact antibody and a.‘%-.
fhee Fale by peegein fpelralysts

The murine NCG8 TgG2hin) antibody was
Texas A & M University by hy bridoma tee f‘l
Amarillo the ascites fluid was dialyzed overnig
against 20 mM histidine, | mM sodinm azide
pH 56, The antibody exhibited euglobulin
ilimited solubility in solutions of low fonic 5 _' ]
largely ]mempjhtf-d in the dialysis bag, Pre
0 ml of ascites fluid was harvested by cont
washed with the dilute histidine buffer and
a fine suspension Lo a 50wl column of carhs
celluloze (CM 52, Whatman Lab. Sales, PO,
Hillshoro, Q0. After the column was washed s
Triz-HCL, 1 mM sodive axide (pH S40), 200
body was eluted by adding solid Nail to the b
a final concentration of 0415 M. By SDS-IA
presence and absence of 2-mercaptoethanol,
was found to be lree of detectable contaminagg
usecl without further purification,

The protein was  concentrated in a Mise
apparatus fitted with cellulose ester membrs
molecular weight cut-off of 10,000 (Spectrum,
TX). During the concentration proeess the b
exchanged for a pll 638 solution comprised
Bis-Tris, 3k mM Maps {3-( N-marpholine)propa
acid), 0115 M NaCl and 1 mM sodium azide (gh
purchased from Sigma Chemical Co., 81 Lou

Conditions for proteclytie hydrolyaiz with p
first optimized in preliminary  experiments,
quantities of Fab for all X-ray anslyses
pregared inoa single bateh proecess. An &
containing 21 mg of Igl,, protein/ml of
deseribed above was immersed noan ice w
Mereuripapain (46 mg) was activated with 2-
ethanol (3 gl of 14 M) in 200 gl of 5%, EDTA
tall chemicals from Sigma Chemical Co,, St

hydrolysis was allowed to continue for 3 h. The
was stopped by the addition of 1yl of 3 M iodg
alleylate the sulfbvdey] group of papain, After
solution was transferred to a 5 em = 25 em @
high resolution Sephacry] 8-200 (Pharmaein, Pis
NI eqguilibrated  at pH 80 and  22°C with

the last of 4 components eluted from the column
well separated [rom Fe and larger degradation p
Electrophoretic analyses by SDE-PAGE [Laemn
mdicated that the Fab was homogeneons (=98]
respect to ize and further purification was dee
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The solution was concentrated and subjected 1o
tion trials.

allization af the native profein end the comples
with the NOTTA figand

s of the native (unliganded) Fab were grown by
ing technique (Shan et al, 1993), lreegular
Bl mm in the smallest dimension, appeseed
msly in T8, (w/v) polyethylene glveol (PEG)
dved in 20 mM NaCl One of these crystals was
ith 50 pl of 129 PEG 8000 in water, A emnp]c

the wash suspension, which contained micro-
als, was drawn inte a Hamilton syringe, Two
were transferred into the protein solution by
inseriing the tip of the syringe into an 50-ul
pically. the droplet contained 144 myg of Fab in
G670, PEG 8000, 20 mM Nall, 0029 (w/iv)
aride. Tn 6 days at 22°C, 2 crystals orew from
b plates 4 mm long, 2 mm wide and 02 mm
small erystals were produced at 470 when 003 mg
veetener was added to 200 gl of a solution
T mg of Fab (ie 60 mg/ml) in 20 mM Nalll,
wm agide. The erystals were dissalved by
the NaCl concentration and  were  then

werl with PEG 8000 into forms suitable for
nalyses. Microseeds were prepared from cryatals
ly apprearing in PRG 800 as  describecd
One seed crvstal was transforred into a 15
ﬂf & solution consiasting of 17 mg of ligand-Fal
w430 PEG 8000, 80 mM Na€l and 002,

ide. A prismatic crystal, with a Aattened face
b adjoined a glass surface, reached its mature size
o 13 mm = 0 mm in about 2 weeks. Other
of gimilar size were subsequently produced by the

() Properties of Bre crystals

mfiganded NCE.8 Tab crystallizes in the mono-
BOE ETOUD 2 with a=13949 A bh=514 4,
and f=1328° In cach unit cell chere are 4 Fahb
with | Fab as the asymmetric unit, Protein
'i:l-ccup_‘,,f 252 ;5\‘3,-"[}& and the solvent aceounts for
of the volume of the unit cell (Matthews, 1965).
nphazized in section 1. Introduction, above, addi-
he ligand leads to changes incompatilile with the
packing of the native protein in the erystal
In cocrvstals of the ligand and protein, o i
¢ not surprising to find a different space group:
hic P2,2,2, with a=131-0 &, b=1141 & and
Four moleeales are present in the unitocel] and
molecule/asymmetric unit. The s }:ua,c& aceupied
mand-protein complex iz 273 A% Da and the
it content (35990 & oslightly higher than in the
of the native pmmjn. Values for the fractional
of protein and solvent in crystals of both the
nided and liganded forms fall within the normal
ibited by other proteins (Matehews, 1968).

() Colfection of X-voy diffrociion defo
for the unliganded protein were collected with a
s area detector by a procedure  previously
d (Fan el ol 1992). The rotating snode was
dat 35 kV and 50 mA and the crystal-to-detector
oo waz set at 120 em. The ozeillation width for each
a5 027 and the exposure time was 90 2. The tofal
of frames was 1800, 800 at each of 2 spindle
L Bines negligible levels of decay were detected in

45 h of erystal exposure to the Xoray beam, only 1 crystal

was used to collect the entire data set (which extended to
d spavings of 26 &) Date were processed on a Silicon
Greaphies workstation with the XENGEN package of
programs {Howard of ol 1987),

Diffraction data for the ligand-protein complex were
collected with synchrotron radiation, in combination with
a 430 mm Weissenberg camera (Sakabe, 1983), at the
Photon Factory in Tsukuba, Japan. Reflections were
recorded on image plates for 2 ovientations of the ervatal,
The cryatal and the image plate were enclosed inoa
chamber filled with helium, Framesz (271 were colleetod
with the a axis of the erystal parallel to the spindle. The
exposure time for each frame was 25 s the coupling
constant was 1457 mm and the oscillation width was 47,
With the & axis parallel to the spindle, the expozure time
for each of 14 frames was 41 &, the mupling vonstant was
=57 mm and the oscillation range was 5°. Intensities were
recarded with & BALDD scanner as soon as possible after
remaval from the chamber, Data to 22 A resolution were
processed  with the WIS program package (Higashi,
L9s9).

ie) Determinafion of the crystal slraelures of the m!.!,rln?
amad Ligonded forms

The structures were solved by molecular replacement
methods (Fitzgerald, 1958; Rossmann, 1990, Starting
mindels were initially chosen after comparizons of the
aming aekd sequences of NOGE with those in erystal
structures of other Fabs, For the Vi domain the greatest
humoio-'r\ (B900 7 was found in the 4-4-20 Fab (Bedevk ef

IE!EII}]- while the Vi domain was most elosely similar
fSH%] to the HyHEL-5 Fab (Sheriff e af,, 1987). Since
the 4-4-20 structure was elucidated by our group (Herron
el al., 1989), we are more familiar with its properties,
Haowever, the heavy chaing of NOBS and £-4-20 belong toe
different Tgls subelasses (20 versus 2a), The Fab from the
BVOE-0T TpGa, (Herron el ad., 1991} was therefors selected
az an alternative starting maodel. Crystals of the complex
of 4-4-20 with fluorescein are izomorphons with those of
the unliganded form of the BV04-01 Fab {the complex of
BVI-OT with a teinueleotide crystallizes in a different
space groupa), While these starting models are not neces-
sarily interchangesble, we expected the initial results of
the search routines to have some features in common,

Caleulations for the rotation function (Crowther, 1972)
and the tranzlation function (Crowther & Blow, 1967)
were performed with the MERLOT package of programs
{itezerald, 1988}, Translation searches based on the use
of  corvelation  coefficients  were  conducted  with  the
RTMAF program written by X.-M. He (Fan ef al., 1992).

Eotation function caleulations for the unliganded pro-
tein were first earvied oul with the intact Fab molecules
and diffraction data between 15 & and 40 & resolution.
Probe molecules were then split into the V-V and
C-Uyl pairs of domains and the calenlations were
repeated. The same strategy was followed for the trans-
lation searches, bul in some instances the data sets were
truncated to inelude reflections between 840 A and either
47 A or 40 A resolution,

Comparsble calenlations were performed to solve the
structure of the ligand-protein complex. Tn the trans-
lation searches with BTMAP, however, only the V-V
praeirs wore used as probes,

() Crystallograophic refinement of the structures

The model of the unliganded Fab  obtained by
molecular replacement was subjected to rigid body refine-
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ment with a progeam in the X-PLOR package (Briinger f
al., 1989), Sequences of the probe molecules were then
veplaced by those of the NCG.8 light and heavy chains, az
determined by 2 of us (LAMA, and DBE.L), With the
complementariby-determining  regions (CDERs)  omitted,
X-PLOR was used for positional (Jack-Levitt) refine-
ment of this model with 10 4 to 3 & data, By alternating
positional refinement with eyveles of model building nsing
TURRBO-FRODN) (Roussel & Cambillau, 193%), we were
able to place the CDEs with confidence. Melecular dyna-
mics refinement using X-PLOR was then applied to the
model of the complete Fab, One cycle with 10 A to 3 A
data was followed by 3 eycles with 10 A to 26 A data,
Simulations involved the heating of the structure to
000 K and subsequent slow cooling. After refinement of
individual temperature (H) factors, 126 water molecules
wers added and the strocture was again refined by the
molecular  dynamies  protocol.  Solvent  atoms  were
assigned to electron density peaks greater than 3c above
background in F,—F. maps, It was also necesaary for the
water molecules to be located within 5 A of protein atoms
and to have B factor values lower  than 50 A7
Assignments were recxamined if the & faetor values were
greater than 30 A2,

Refinement of the ligand-protein comples Tollowed the
general outline presented for the unliganded Fab, The
procedure for rigid body refinement was utilized to define
the rotational and translational shifts of the 4 individuoal
domaing on ligand binding. In the initial applications of
the maolecular dynamies protocol with 100 A to 27 A data,
bioth ligand and solvent molecules were omitted from the
model. The data set was then expanded to include d
spacings of 2:5 A and the ligand and 125 water molecules
woere added. Extra electron density corresponding to the
ligand was present in the earliest F,—F, maps and the
fitting of an appropriate model was steaightforward. The
structure of the complex was subjected to 4 eveles of

Table 1
Suwranary of X-ray diffraction dota

molecular dynamics refinement.  Individual |
values were also refined, Finally, 5985 addi
tions (to 22 A resolution) were included, the to
of solvent molecules was inereaszed to 296 and
wag again refined by molecular dynamics.

3. Results
{a) Data collection

Statistics for the eollection of X-ray di
data for the native projein with an area de
summarized in Table 1A, Synchrotron daf
ligand-Fab complex are presented in Tal
both examples the data sets are more
complete (observed/theoretical) at 2.8 A i
but fall off in the higher order shells. While it
that the weaker reflections at higher re
not measured as acourately as stronger r
other shells, the K, ... values are quite re
(537 and T1849%, respectively) for the o
sets, The average redundancy in the

In cambination the synchrotron radiation
Weissenberg  camera  produce  maoderate
resclution data with good statistics. D)
native protein are less comprehensive.
difference in the two systems is the guality
eryslals, For example, the complex prod
robust crystals which are easier fo man
Differences are most noticeable when one of
faces of a native crystal plate is rofated
H-ray beam. In this orientation diffraction
extend only to about 30 A resolution,

Unigue reflections

Pereentage Moo of
Ehell (A vhaeryed theoretical oha. theor. measuremenls
A Data for the nafive NOGS Fab collected with o Sieniens aren defantor
S0k oM 20 2230 1000 H2140
SO0 1952 1952 LK 17
406-357 L EHG 14905 aa-1 a0
FAT-426 1503 1924 054 367
3-26-303 1206 1913 B34 070
303--2-86 LTH4 14911 03-a FLIleR
HGG-273 LEstii 1914 260 2745
2-72-3-54) 1014 1885 83T 1553
20000260 14,274 L5, s 91-3 36,913

B Dt for NCITENCES Fub complex collected with synckrotvon radietice and @ Weissenlery camarg of e Photon Factory

{430 4106 4138
430346 610 G
FA-303 ah21 JGaT
FOI-2TG 3262 600
2T6-2 5T 2925 a5H
BHT-242 EL 3457
242230 2414 3555
230220 2072 3524

200023 24,544 29 284

G- 15,454
54 16,725
a6-4 L6, T4
Bk 20,432
815 20,975
747 14,105
700 12,954
58 s4a2
835 126,541

LBefleetions were considered obaerved if the intensity [=g(f) where o is the stondoerd deviation,
T Emergs 18 the nnweighted-squared B-factor on intensity = L),

b Boerge =EIID — L DT % 100,
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Table 2
fesulis of rolation and lranslation searches

Raotation searches (Crowther, 1972}

Fuler wngles
Baosolution - Feak height 2k peak
(A " fise ¥ ) hedght, (%) Ranlk o

or nafive NOGS Fah

15040 225 G0 3050 10034) B2 | 565
154} 285 G710 G0 LU B3 1 &37
15040 225 T20 A0k T} 34-5 1 R
: 150 4o 20140 -0 A5 1006 527 1 T
i 15— 285 90 G0 1000 LR 1 401
51 15 0—4-1 200 GE0 3050 JEUAEN -4 | 422
Tranalation searches (Crowther & Blow, 1967)
Lesolution Peak height o peak
(1] AX AY AZ {9} eight, (%) Bank &
1041 420 —= (164 JEARN ) 1 13
15041 415 155 1K 647 1 414
1500 T —_ 01545 94G-8 3 G2
105-0-4-7 0-425 — 165 JLEATI] 532 1 7-82
Blb-d4-7 0425 = 0 LB5 1K) 47-3 1 026
Ny L0 (420 -- 0165 10 255 1 bR
Helb—d-h 0-425 = 0165 JLEAT] 725 1 503
'_E“t 1040 420 (155 bk ] 3 Sz
Helb—-} U125 = 0165 050 2 431
Faotation searches (Crowther, 1972)
Euler angles
Fesolution Peak height Znd peak
(A " il w {24} height (%) Rank o
NOITENCR & Fab eomplex
' 15040 475 T 2954) L0} i 1 @31
440 400 T 240 98-8 2 4349
Bl A0 Ti IR T4 T a7
i 150440 425 Tl 2000 B [ JA
Vi 15040 not oheerved
o 1541 400 TL0 EIY 10 797 1 460
Translation searches: (BTMAT
Resaluticn 2nd peak
14 AX AY AZ Tk height height Fank 7
o L5040 a7 034 024 (200 212 1 11-2
1 1i0—40 {12 (r2g (s 215 171 1 L3l
Baotation searches (Crowther, 1972)
Enler angles
Bezolution Peak: height 2nd peak
A il i i (%4 height (%) Fanlk a
o dests Jor orientation of watiee NOGA :
) B4 1975 1150 750 IR al-5 1 30
1 B4 T S0 00 100301 34-0 1 497
B4 2000 116-0 T80 100 B3 1 445
Bl 075 115k 7541 LK i1 1 712
15040 1700 D60 L 10600 10 1 418
LRI 1670 G20 00 B84 2 et

dic not. yield the corvect solution at a level =659 of the maximunm.
tion searches were monitored by using correlation eoefficients (Fun of of, 1992),
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(b} Structural determinations by
molecular replacement

The results of the rotation and translation caleu-
lations are presented in Table 2A for the native
protein and in Table 2B for the complex. Search
models consisting of the intact Fabs and the V-V,
and Cp-Cyl pairs of domains from the 4-4-20 and
BVO4-01 antibodies (Herron et af, 1989, 1991} all
gave consistent peaks in rotation function maps for
the native NCG.8 Fab. In each instance, the orien-
tation later found to be the correct choice was
represented by the highest peak in the map. The
Fab (peak 7-77¢ above background) and € -Cyl
pair (422a) from BV04-01 gave stronger signals
than those from 4-4-20, while the latter provided a
maore effective V-V combination (537¢). In the
translation searches with BY04-01 models, more
convineing resulis were obtained when the data sets
were truncated by the omission of reflections with o
spacings of 8 to 15 A,

The results were less steaightforward when the
same starling models were nsed to probe the strue-
ture of the NU174-NCG.8 Fab complex. Only the

LIGHET CHAIN

1 10 20 7
Il | | |abe
wod-ol BEVHT QTP LELEVELGDQASISCRESQELY
KOG, ELVHTOQEFPLELPVELGODRASISCRYAQELYV
1-a-z0 BEYHTGIPLELPYELEGRGASISCREBRQELY

EL aa 1
de. | |
BY0a-p1 HARGHTYLHKYLOKPGOSPELLIY[Mvaunw
Hig, 2 HENGWTVYLHWYLQHEFGQEFXLLIYAVENRE
4-4-20 HEONGHTYLRWYLOHEPGQSEPUEVLIY[EVENRF
&b 70 a0
| |
BYD4-01 EGVPDRFEGEGSSTOFTLEISHEVEAEDLGY
RC6.E BCVPDRFEGESGEGTAFTLRISRVEAEDLGY
47420 SGVFDRFSGEGSGIDFTILEKISRVEAEDLGY
S0 . 1og
I I
EVD4-01 SQETHVIP[LT FCAGTHLELE

¥YFe P
NUE.8 YFOBOGTUYFYTFGGGTHLELKER
A=1=20 YFCEQSTHVIRTFoocTRLETKR

Vi

110 120 130

Bv{d-n1 AD&.P.PT".?SI}'PE[EHEQLTSGGILEV\"EFLNH
140 150 160

Evid-01 .""iPKL‘IIN'UK'rJK:l:DGSE:—.‘:QN{:\’]!_.}JSI{TDQL}E,
170 tao 190

BEVGd=01 ElI:I‘E'TYBHSSTLTL'l'Kl'-lF-!"ERHPl{SYTC'EATH
2an 240

|
BYI4-01 KTSTSPFIVESFNRNEC

[al

Figure 1. Amino acid sequences of the NOG.8 light chain (a) and heavy chain (b), as deduced from o
sequences by 2 of us (JM.A and DSL.). Residues are numbered as in Kabat of al, (1991}, Constituents of ik
are designated by boldface letters, The sequence of the V region of the light chain is sandwiched between the
the & chains of the murine antibodies BVO4-01 (Herran ef af., 1991 and 4-4-20 (Bedayk of wl., 1990). Resid
from those in NOB.8 are enclozed in hoxes, Sequences of the O domains of the 3 proteins are assumed to be
only the sequenee of BV04-01 iz listed above, In the heavy vhain V domains, the sequence of Hy HELS (5]
198T) iz included because of its similarities to NC6.8, The latter is 8 member of subelass 2h and is therefore e
have the same Cy] sequence as BVM-01, which is eited below V.

4-4-20 Fab and the BYO4-01 C-Cy] pair e
the highest peaks in the rotation fun
while the BYO4-01 V-V pair failed to
tion. In the translation searches, hay
4-4-20 V-V pair and the BV4-01
provided uneguivoeal results (11-2 and &
respectively),

Because of the conformational change
sizeable decrease in the elbow bend
complexation of NUG.S (see below), it w
that the whole Fab from 4-4-20 was
starting model, Both 4-4-20 and BV
elbow bend angles greater than 1707 (He
1989, 1991). As illustrated in Figure
domuains of both 4-4-20 and BVOLOD |
resemble Vi of NCOG.8 in aming acid seq
and 7 differences among 108 residues: Bed
1990; Herron e ol 19913, However,
domains are quite dissimilar (63 an
changes). These heavy chain  diffe
obvisusly of considerable importance in
function ealeulations for the complex
success with the BVO4-01 C pair unde
desirability of selecting a probe with a 0

HEAYY CHAIN

-

< 10 20

BYO4 =01 Eqvqpu::zv:[ﬁlx.cv P A R R
HCG.E RVQLLESGAELMKFGASVQISCEA
Hyfels [PV GLOQlEGAELMK PGAas VKIS cKaf
4-a-20  [QvEL|D[ET|cEGluv glFa 5 o]

11 40 5

BWD4-0l [THAMEWv[REOAIPG[E]s LEWV AR

HCE.d EYWIEWVEERPGHGLEWIGELLE

Hyllels BIYRIEWVEGRPGHGLEWIGEILE

a-4-2¢ Bl WHEWVECSPER|GL WV AQIRERRY
60 70 {

g
BYV0a-01 Evl%.mxmwﬁ‘éﬂn@ s@ﬂ@fﬂt};

HCG.8 HYRERFEGHEATFTADTSESHNTAYHQLS

HyHels uvnsnrxcl{n-rp-rnawslgﬁg_é'mg
4=4-20 [¥t|s 0E vk GEFT[T & Blo[blsfs S vy I

90 100
| : 2K -
BYDS-01 EDEAEE‘YEEJB'—_LQ TGTRAWFAYHGOG
WCo. B EDSAVYYCTRGYEEH HOYHWGEQ
HyHels EDS v'{':'f:ILHG [Flo[Eaos
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Table 3
FProgress of refinement

H-factor

Stereochemistoy

Comment

0483 to (461
0475 to 0276

276 to 0235

(265 to 0232

(232 1o 0226

r21s

0.5 Fab conaples

(455 to (r40k2
Or Al Lo Or252

(261 to (200

(F231 to (214

a=0027 h=52

=205 d=24
a=0025 h=449
e=204 d=21
a=002] h=44
=207 d=52
a=0021 h=4-5
o=200 =2}
a=0018 b=24
e=20T d=23

a=0021 h=42
c=203 d=1-7
a=0018 b=34%
c=208d="04
a=0F3HG b=35
e=280d=1-4

Rigid body refinement of ¢ domains, V,,

Model not including CIMs,
Redinement using Jack-Levitt (positional) refinement.

Vi O and Gyl

Inelusion of CIEs. 1 eyele of molecular dynamics
vefinement with X-PLOR

Threa eyeles of molecular dynemics, individual B-factors.

Inelusion of 126 solvent molecnles, 1 evele of refinement

Five eyeles of model building and refinement to remove
pocr dihedral angles and improve stereochemistry.

Rigid body refinement of 4 domains, V,, V., 0 and O,1.

One eyele of molecular dynamics refinement with
X-PLOE. Overall B-factor, no solvent, no ligand.

Four evoles of molecular dvnamics, individual #-factors,
ligand and 125 solvent molecules.

Three cyeles of moleeulsr dynamies, 208 solvent molesules
in total.

me subelass as the molecule under
on (subclass 2h in this example),

gss-check of the molecular replacement
he two disparate structures, the Fah
ed for the complex was first split into
nts (V oand © pairs and four individual
o bring these components into coinei-
the native protein, each probe was
o rotation function calculations with the
a for the native protein (see Table 20, In
ix cases the highest peak corresponded
ntation of the comparable component in
I of the native protein. For the sixth
domain) the correct orientation was
1 by the second highest peak.
were monitored by

Thesze

displaying the

ar dynamics relinements wore carried out as described in the X-PLOR 3.0 manual | Brimger, 1993} using the standard
ting to 3000 K and then slow eooling.
ation in bond distance for all atems (A): b, r.mes. deviation in hond angles for all stoms {73 o, s, deviation in dihedral
toms () d, £omes deviation in improper angles for all atoms (<),

models on the computer graphics screen. In
summary the probes from 4-4-20, BV04-01 and the
eomplex of NCG.S with NCI174 all give the same
orientation for the unliganded form of NCG.8,

(e} Structiral refinements

Outlines of the stages of refinement for the native
and liganded forms are presented in Table 3.
Cumulative R-factor values for different ranges of o
spacings are giving in Table 4. Refinement statistics
are summarized in Tahle 5.

TFor 13,063 reflections with d spacings of 1040 to
26 A the current R-factor value is 0-218 for the
native protein. The root-mean-square (ram.s ) devia-
tions in bond lengths and bond angles are 0018 A

Table 4

B-factor versus resolution

NOCGBH Fab native

NCLT4-NOGS Fab complex

Mo of A-Factor Shell No. of F-lactor
Measrements [eumulative) (A} Mmegsuraments {enmulative)

[ ] 0195 LR35 B 1] 0165
1574 (-192 A-F0-3-465 61 0169
1756 01497 Gh-3E 3521 137
1714 0-204 FE-2T6 262 187
1678 (204 2-76-2-57 2925 107
Lik4 0213 257242 2634 (2414
1341 217 2-42-2-30 2414 (F20%

45 214 R0-220 2072 214
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-13%

- 45

Figure 2. ¢ ¢ plots {Ramachandran & Sasizckharan, 1968) for the dihedral angles in the polypeptide o
native (a) and liganded (b} forms of the NO6.8 Fabs, as prepared with the program PAP (Laskowski et al, 1
reprisent all residues except glyeines, which are designated by triangles. Arcas with permitted dihe
shaded. The darkest shaded areas, A, B and L, correspond to the “most favored regions”. Labels &, b, |

-135 %) 45

“additional allowed regions” and ~a, ~b, ~land ~p denote “generously allowed regions’. Note that the o

values within preacribed boundaries is tighter for the ligand-Fal complex. This is a consequence both of be
and the use of higher resolution synchrotron data (see the text).

and 2377 In the complex of the N6.8 Fab with
NC174 the R-factor valoe is 00214 for 24,297 refloe-
tioms with d spacings of 100 to 22 A The rm.s,
deviations in bond lengths and bond angles are
0016 & and 353°. Mean errors in coordinates
{Luzatti, 1952) range from (+30 to 035 & in the
native protein and -25 to -30 A in the complex.
Plots of ¢, @ values for the main-chain dihedral
angles in the native protein and the complex
(Bamachandran & Sasisekharan, 1968; Laskowski of
af., 1993) are presented in Figure 2, Residues {other
than glyeine) with unfavorable dihedral angles after

Table 5
Refinement data and model geometiy

maodel building and refinement are
sequence numbers, To improve the qus
protein structure, the sterecchemical
and topological assignments of Engh
(1801} were substituted for the orig
X-PLOR. In addition the weakest |
(' = 2a(F)) were removed from the data s
native protein as this seemed to improve
quality of the map.

In the refinement of the ligand-
higher resolution data resulted in
higher quality of the stereochemisiry

NOG& NCIT4-NOGA

Fah native Fah complex
R-factor 218 0214
Mo, of reflections 15,006 24 297
rons, deviation in hond distance (A) 0018 (0T
r.ms. deviation in bond angles (deg.) 257 a5
rum.g, deviation in dihedral angles (deg.) 2877 e
rams. deviation in improper angles (deg.) 23 140
Bond distanee roms deviations =006 4 20 14
Bond angle rona. deviations = 1007 45 Hij
Dihedral angles r.mos, devistions = 0007 Ik i
Impraper angles roan.e, deviations = 200 (¥ {
Elbow angle 154 163
Average fB-factor, overall (A%) 158 20
Average H-factor for Vi domain (4% 137 30
Average B-factor for O domain (A%) 17-9 -1
Average H-factor for Vi domsin (4% 112 256
Avernge H-factor for Oyl domain (A% 194 340
No. of solvent molecules 126 208
Mean errars in coordinates (Luzatti, 1952) (A) (30035 250340
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(see right panel of Fig. 2). There was
er with most angles clustercd near or
undaries characteristic of f-pleated
and left-handed o-helices,
r values for the light and heavy
ated to bhe 161 and 154 A2
the native protein and 20-5 and
complex. The apparent diserepancy
of values is probably attributable to
data collection and sealing, The
the native protein are within the
for data eollection with an arca
is laboratory. There are also prece-
er B factor values when data are
rocessed by methods similar to those
“ﬁﬂmyl&x. Thermal factors ranging
12:62 A* were reported for the V and
Fab 8F5 (Tormo ef al., 1992), using
~with synchrotron radiation and
ording. In the 8F5 and the NC6.8
he lowest temperature factor of the
see Table 5). Cyl has the highest B
8 (both forms), but not in 8F5,
the largest value.
ated annealing  with X.PLOR,
L141, TT14%9 and H200 were better
OMIT maps (Bhat & Cohen, 1954
residues in hoth the native and
1. A tryptophan side-chain (H199)
i;au:mt. to proline H200 is exposed to
partially protected by the proline
e ring puckering in proline ihe
hydrophobic rather than s-x
ong. Such interactions are possible
ne is in the eis configuration,
sional “eage’’ electron density maps
Figure 3 for the heavy chain loop
f CDR3 except tyrosine 102 (from
it the sequence is Thr-Arg-Gly-Tyr-
see Fig. 1). In the native protein
Fig. 3) the cage density is con-
constituents excepl tyrosine 96
ve starting models for this segment
to refinement. In the most probable
3) electron density is ohserved for
ng of tyrosine H9G at the 1-5eri )
L small module of electron densit

t in the alternative upright posi-

lower panel of Figure 3, the cage
e H9E iz well defined in the
() level. Upon complexation the
chain iz rotated and translated to a
ation. If measured at the base of the
displacement is 46 A, However,
ydroxyl group moves 1005 A This
m i maintained by interactions with
portion of the NCI174 ligand (see
ve positions of neighboring residues
ge appreciably, although the CDRS
unit during complexation,

- drawing of the ligand is shown in
fs atoms labeled, The cage density for

this compound is presented as a stereo diagram in
Figure 3,

In summary, the polypeptide chains and the
ligand are well represented hy electron density,
Model building was normally conducted with eleo-
tron density p=25a(p). In three regions {residues
LIB0 to L188 and H159 to HI164 in the native
protein and H126 to H133 in the liganded form) the
electron density was weaker and model fitling was
performed at p=20(p). Among the side-chains,
residue H31 in the native protein, and serine LG7 in
the complex, are not represented by detectable eleo-
tron density. In the complex, electron denzity is
clearly visible for the H31 side-chain, which was
identified as phenylalanine in the sequence deter-
mination. However, the electron density module
shape iz more characteristic of glutamic acid than
phenylalanine.  This  sequence assighment s
currently being reexamined.

(d) Descriptions and comparisons of the structures

RIBBONS models (Carson & Bugg, 1986; Carson,
1987) of the native and liganded proteins are shown
in Figure 6. A schematic drawing of the secondary
structure of the liganded form is presented in
Figure 7. The secondary structures for the two
varianls are nearly identical and the liganded form
is chosen for display because the measurements of
the hydrogen bonding distances are based on higher
resolution data.

For comparison of the structures, seven segments
together containing 40 residues in each V domain
and 55 residues in each O domain were selected from
the most regular parts of the f-pleated sheets of
each polypeptide chain. In the light chain these
gegments include residues 3 to 7, 22 1o 26, 32 to 35,
63 to 67, 70 to 74, 85 to 91 and 99 to 104 iV
domain); and 114 {0 118, 133 to 137, 145 to 149, 158
to 163, 176 to 180, 193 to 197 and 205 to 209 (C
domain). Corresponding residues in the heavy chain
are numbered 3 to 7, 21 to 25, 33 to 39, 68 to 72, 77
to 81, 88 to 95 and 104 to 109 (V domain); 120 to
123, 141 to 145, 153 to 162, 169 to 174, 188 to 102,
206 to 211 and 219 to 223 (C domain).

The r.m.s. deviation in atomic positions is only
(-53 A when the program INSIGHT (Biosym, 195%)
iz used to superimpose the 40 #-carbon atoms of the
VL domain of the native Fab on the corresponding
atoms in the complex. For superposition of other
domains, the r.m.s. deviations are 0-45 A& for Vi,
050 A for € and 0:56 A for Cyl. When the Vi-¥y
pairs (80 atoms) or the € -Cyl pairs (70 atoms) are
superimposed, the r.m.s. deviations are 033 and
0-54 A, respectively. Together with the hydrogen
bonding patterns shown in Figure 7, these valnes
add to the evidence that the pleated sheet regions
are quite similar in the native and liganded proteins.
Moreover, the domains tend to move as pairs, rather
than singly.

Rotation of the z-carbon coordinates of Vo into
Vy with the program ROTMOL (kindly supplied by
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Figure 3. (a) Stereo diagram of & heavy chain segment fitted to 3-dimensional “cage” electron density
iunliganded) form of NUG.8. The sequence counterclockwise from the lower right. is Thr-Arg-Gly-Tyr-Ser-S
which corresponds to the last 2 residues of FR3 and the CUDR2 loop minus Tyr H102. The loop can be
y-turn, with a hydrogen bond (31 &) between tyrosine H6 (backbone amide group) and serine H9% (carho
atom). Methionine H100k forms the foor of the binding site. (b) Same segment in the Hgand-protei .
complexation the hydrogen bond is broken and the loop expands at the top, A new hydrogen bond iz formed
carbonyl oxygen atom of tyrosine H96 and the guanido group (N-15 in Fig. 4) of the ligand. The side-chain
H96 moves from its position in the native protein to belp lock the diphenyl moiety of the ligand into the activ
complex. Arginine H84 and aspartic acid H101 form an ion pair (228 and 29 A} in both the native and ligrand

W. Steigemann and R. Huber) indicated that the  individual V domains on complexation 4
two domains are related by an angle of 179° in the  appreciable changes in the relative orie
native protein and 176° in the complex (see  domains.

Table 6]. The preudodyad (169°) relating the € and By treating the domains as
Uyl domains remains the same after complexation. (Hdmundson ef al., 1974 Herron o al
These measurements reflect only small rotations of  were able to estimate the angles subtend
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53

C43
C33
cl1o 029
/
N15 Cl18—C19
X / \
15 — N13 039
Ni6
C36
C26
C17
N17

4, Btructural formula of the NCIT4 sweet
compound, N-lp-evanophenyl)- 8-
nethyl)-N"-carboxymethylguanidine. The:
abeled arbitrarily as in the erystallographie
¢ used for refinement of the strocture. These
appear in references to atoms in the tables and
ate files to be made available to the scientific

n pairs of domains, Cross-over angles of
u were found to be 92° in the native
417 in the complex. For O and Oyl the
ing angles were 109° and 108° (see
Again rigid body changes appesr to be
i pairing of domains.

other angles were conzidered, however, the
cand  Jiganded  Fahs  were  significantly
rent. For example, the “clbow hend™ angles

Acetate

ig. 4] is superimposed on this electron density.

between the Vi -Vy and Cp-Cyl psendodyads were
ealeulated to be 184" and 1537 for the two forms (see
Table 6). The native form is the first Fab in our
collection to have an elbow bend angle greater than
180°%. In this conformation the angle hetween the
long axes of V) and O is 77°, whereas the corre-
sponding angle in the heavy chain is 97°, Upon
complexation the angle between V, and ' increases
to 87° and the heavy chain angle decreases to 757
There is thus a concerted and reciprocal change in
angles within the light and heavy chains,

This type of relationship was first noted in the
Meg light chain dimer (Schiffer ef ol., 1973
Edmundzon et al., 1975), where the angle hetween
the V and 0 domaing was flexed in monomer 1 and
extended in monomer 2. Since the light chain in the
Meg Igl, immunoglobulin has the same sequence
and assumes an extended structure (Rajan et ol
1953 Guddat et ol 1993), monomer 2 has been
considered the light chain analog and monomer 1
the heavy chain analog in & dimer which mimies a
tyvpical Tab.

In the unliganded form of NCG.8 there is thus a
reversal of roles where the heavy chain behaves like
a light chain and wice versa. On complexation the
angles revert in unison to their more familiar values,
In the process the light chain is elongated by as
much ag 10 A from the tip of the V domain to the
distal end of the C domain and the heavy chain is
shortened commensurately. This interconversion of
roles can readily be appreciated by comparing the
models in Figure 6.

Becausze of these unexpected reciprocal changes in
the angles on complexation, we found it imperative
to recheck the amino acid sequences against the
clectron density maps. This exercise convineed us
that the light and heavy chains were correetly iden-
tified in the structural analyses of both crystal
forms,

Most of these changes are mediated through the
flexible “switch regions”™ between the V oand
domains. As a consequence, extensive alleralions

‘!’_‘!w:f""f .\ Lt
o g o
% 1 e ot
ot Lo, e
T
P
[

3. Stereo diagram of the cage electron density obtained for the NC174 ligand at 22 A resolution. A skeletal
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Figure 6. 11BBONS models (Carson & Bugg, 1986; Carson, 1987 of the native (left) and liganded (right) fa

NO6.8 [Mub. Light chains are colored crimson and magenta and heavy chains are greon and yellow, Disulfide
represented by heavy yellow tubes. The NC1T4 ligand (zee Figs 4 and 5) is displayed as a ball-and-stick ik
correspond to segments of f-pleated sheeta, This Figure was constructed by superimposing Lhe V domains
molecular variants and then foeusing on the differences in the structures of the C domain paivs, Note that the ligh

is more extended and the héavy chain is more flexed in the ligand-Fab complex (see Table 6 for reciproeal changs

angles between the ¥V oand O domaing on complexation).

should not be observed in the pairing interactions of
the globular parts of the ¥V and O domains, To test
‘these impressions, the V-V and Cp-Cyl pairs of the
native and liganded forms were aligned in furm.
Individual domains {again treated as cylinders)
were then moved until they came into more exact
coincidence, These additional movements were
analyzed in terms of translations of the mid-puint of
the cylinder at the junction of the major and minor
axes and the following three angles of rotation: a
“harrel roll” of the cylinder about its long axis
{w-axis vector); a Lilt (cant) of the eylinder in the
y-direction; and a swivel in the z-direction.

For ¥V, the extra translation is only 0+05 A and
the rotation angles are — 184" [roll), 0-12° [cant)
and 00857 (swivel); for Vi the corresponding values
are 005 A, 0040°, —0055" and —0-317%; for I the
values are 0-07 A, —0-23°, —0-5587 and (-95%; and for
(] the values are 0-06 A, (-13°, —0-26% and 084"
As expected, these measurements indicale only

small, i any, movements of individual o
within the ¥V and C pairs.

{e) Rigid body movements of paivs of doni
o corplerntion

Eelative to the ¥ domain pair, there ares l-;_
tial displacements of the C domains on comp
tion, as illustrated in Figure 8. In the upp
the V domain pairs are aligned and in
panel the O pairs are superimposed. To
these movements more thoroughly, ol
envelopes were constructed  around  the
Cp-Cyl dimers of both native and ligand
The V-V pairs wers superimposed and
additional movements rveguired to reston
-yl dimer of the complex to its position i
native protein were measured as before, A2
the C dimer is translated 10-9 A, totated
about the long axis (roll), tilted 353° (¢
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matic drawings of the hydrogen bonding patterns in the f-pleated sheets of the light and heavy chains
complex. The complex was chosen for presentation in preference to the native protein because the
drogen bonds are bazed an Xeray data extending to higher resolution. Tn each domain there are
tepresented here as 4 and S-stranded layers in the V domains and 4 and 3-stranded sheets in the

lower left of each V domain dizgram note that residues 9 to 13 of the N-terminal segmment are parallel to
and form hydrogen bonds with its backbone atoms,

Table &
Comparison of the quaternary structures of the native and liganded NOG.8 Fabs.

Light Heavy L -0yl ¥ paendo 0 peenda Elbow
chiin chain dimer dimer dyad dyad angle
77 a7 a2 ik 179 10 154
97 Ta a1 s 176 1653 [
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Figure 8, Comparisons of the 07 skeletal models of the native (purple) and liganded {vellow) forms of the N5 Fab
help visualize the magnitude and directionality of the shifts of 1 form into the other, the disulfide honds o higghl
in green in the native protein and in blue in the complex. Top, the V-V, domain pairs are superimposed s o
possible with the program INSIGHT. This view illustrates the maximum shifts in the O domains relative to
domains on complexation. Centers of the intrachain disulfide bonds move 1227 A in the ) domain and 136 4§
domain. The interchain disulfide at the distal end of the C pair shifts 252 A. Bottom, superposition of the
domains, These tracings indicate that domains move mainly as paived units about the flexible “switeh! I
eonnecting the Voand © domains. Movements are analyzed in more detail in the text,

swiveled —540° on complexation. Thus, the 31° (£} Interactions between V domains in the b

change in the elbow bend angle is attributable to s Higanded forms
composite motion, of which a simple tilt is the i
largest  component. These sizeable changes are N-terminal glutamie acid of the light chainf

coupled to the binding of a relatively small ligand in & salt bridge (30 A) with arginine H60, but {f8
a relatively small active site. These interrelations the only ion pair stabilizing the dimer in hofl
will be considered in a later seclion, below. native and lganded forms. Owverall, the 1§
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decrease in number from 127 to 104 on
sation. However, the losses are partly
nied by the ligand-protein interactions which
the light and heavy chains,
itatively, the number of interdomain hydro-
nds is roughly the same (7 versus 8) in the two
CDR1 and framework 2 (FR2) of the light
kept in close proximity with CDRE3 of the
in by hydeogen bonds between the side-
of histidine L34 and tyrosine L36 and the
rehain atoms of serine HBT, serine 98 and
hionine H100k, Tyrosine L36 also makes five
tacts with the side-chain of tryptophan H103 at
of CDR3. This ladder of interactions
n parallel segmenis is completed in the
form (but not in the native protein) by a
bond between the amide group (N*) of
mine L38 and a carboxyl oxygen (0°%) of
i acid H3% (both members of FRE2).
lar interaction between the two glutamine 40
aing in the Meg light chain dimer seals the
wling pocket and also marks the distal end
zing contacts along the V-V, interface
son ef al., 1974),
location equivalent to the end of the deep
[ in Meg, the NC&H light chain turns and
weomes anti-parallel to CDRS and FR4 of the
chain. Side-chains of serine L43 and lysine
within hydrogen honding distances of back-
toms at glveine H104 and aspartic acid H101
iative protein, and serine TA43 is also close to
ine HI0S in the complex. Serine 143 (2
and proline L44 (10 contacts) both touch
han H103 while leucine [46 (3 conlacts)
on methionine H100k and aspartic acid
In turn, backbone atoms of glutamine 142
ne [43, as well as the serine side-chain,
ix contacts with the side-chain of tyrosine
of FR3).
of the light chain in the native protein is
ted with CDR3 of the heavy chain by inter-
of tyrosine LAY (1 contact) and arginine L50
ts) with the backbone and side-chain of
. Conformational changes in the complex
o these atoms out of range for interactions. At
distal end of the CDR2 loop in both forms,
phenylalanine 155 interacts with the side-
: of both azpartie acid HI101 (1 contact and
ne H102 {4 contacts).
of the light chain is in proximity to parts of
fthe heavy chain. Valine L94 interacts with
ine HA8 (1 contact) and proline 195 makes
tal contacts (2) with arginine HB0 as it
to meet the N-terminal glutamic acid of the
ain, Tyrosine LO96 makes three contacts with
ic acid H35 (CDR1) and six contacts with
mic acid H50 (CDR2), including a hydrogen
(#1 A) with a earboxylic oxygen atom.
most hydrophobic portion of the V-V
phenylalanine L87 (FR3) and CDR32 con-
ents valine LO4, proline LO5, tyrosine LOG and
enylalanine 198 are packed against leucine 45
ptophan H4T of FR2. In the native protein,

tyrosine LO6 (32 contacts) and tryptophan H47 (30
contacts) aceount for the greatest number of inter-
atomic  conlacts  between  the domains, These
numhers decrease to 19 and 14 in the complex and
reflect subtle displacements of side-chains along the
articulating surfaces.

() Inferactions between the O domains in the native
and liganded forms

Himilar trends are seen in comparisons of the O
pairs in the native and liganded forms. The number
of interactions hetween domains decreases from 112
to 81 on complexation. Tt iz convenient to consider
these interactions in terms of the four-stranded
f-pleated sheets throngh which they are mediated
(Edmundson e al ., 1975),

The first strand (4-1) of this sheel encompasses
residues L110 to L119 in the light chain and H116
to H125 in the heavy chain (see Fig. 7 for the
residues comprising the other 3 strands). Strand 4-1
immediately follows the switch region, where
conformational changes on complexation are maxi-
mal. It is therefore not surprising that the most
accentuated differences in interdomain  contacts
involve the 4-1 strands, For example, the side-chain
of phenylalanine L118 makes a total of 31 contacts
with backbone atoms (praline H123, 2, lencine
H124, 7; alanine HI125, 12; and proline 126, 3) and
the side-chain of leucine H124 (7) in the native
profein but only a total of nine contacts in the
complex. If considered from the view of the heavy
chain, tyrosine H122, proline H123, lencine H124
and alanine 125 of strand 4-1 are collectively in
contact with 42 light chain atoms in the native
protein and only 20 atoms in the complex. The 4-1
sirands do not appear to be dissociated from the
pleated sheets seen in the native proiein, since there
are double hydrogen bonds between adjacent anti-
parallel segments al key positions L118 and H124 in
the complex (see Tig. 7). Phenylalanine L118 and
lencine H124 are equivalent residues in the light and
heavy chaing, and as indicated above are major
participants in  interdomain interactions. We
comclude that the 4-1 strands in ¢ and Cyl are
separated by concerted movements of the whaole
domains when the protein binds ligand,

In the helical segment following strand 4-1 in the
light chain, glutamic acid L123 and glutamine L124
parlicipate in 18 interactions with lyrosine H122
(9, proline HI23 (2) and lysine H221 (7) in the
native protein and only six in the complex, Boih the
hydrogen bond (3-2 A) between the hydroxyl group
of serine L121 and the carbonyl oxygen atom of
proline HI23 and the ion pair (3-3 A) of glutamic
acid LIZ3 and lysine H221 are disrupted during
complexation.

In the heavy chain, the segment following strand
4-1 contains the half-cysline residue (H128) forming
a disulfide bridge with residue L214. This region is
guite different in the native and lganded proteins.
In addition to shifts in the position and orientation
of the disulfide bond itself, the sulfur atom in the
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Hight chain of the complex makes two new contacty
with the backbone at glycine H129. The e-carbox vl
group of eystine L214 closely approaches the (F and
87 of cystine H128 (5 contacts).

It is interesting that the six interdomain hydro-
gen bonds involving strands other than 4-1 are
maintained in the transition from the native protein
to the complex. The van der Waals interactions are
also generally conserved, Tor example, interdomain
contacts tolal 23 (native) and 19 iliganded) for the
4-2 strands, 17 and 19 for the 4-3 strands and 16 and
14 Tor the 4-4 strands. As examples of the types of
residues engaged in such interactions, serine LL.131,
valine L133. phenylalanine LI135 and asparagine
L137 of strand 4-2 interact with the side-chaing of
lencine HI143 (4-2), leucine H194 (4-1}. threonine
HI39 {4-2), serine residues HIis8, HISO and H1o0
(4-3) and histidine H172 (4-4). In contrasi to the V
domains, many interface residues have polar side-
chaing in the € domains.

(h) Structural features af the ligand and active site

The orientation assumed by the ligand in the
_active site of the protein is shown in stereo in
Figure 8 (top panel), 4 comparison of the orien-
tations of these active site constituents hefore and
after the addition of the ligand is presenied in the
lower panel of Figure 9. Contacts between ligand
and protein constituents are listed in Table 7.

listimates of the total surface area of the ligand
((Lee & Richards, 1971} in the X-PLOR package)
vary with the choice of the prabe radins but average
about 700 A? (663, 706 or 730 A? for probe radii of
I'4, I'6 and 1-7 A). When the ligand is hound to the
protein, the solvent accessible surface area is caleu-
lated to be 126, 122 or 117 A% e, 81 to Bd % (537
584 or 613 A%} of the surface is “buried”. Similar
caleulations for the protein with the three probe
radii give values of 260, 233 or 218 A2 for biried
surface areas, Light chain residues aceount for 319
of the total and include histidine L27d, asparagine
L28 and tyrosine L32 of CDR1 and glyeine 191,
threcnine L2, valine Lo4 and tyrosine LYG of
CDR3. The remaining 699, of the buried surfaces
involve the heavy chain constituents glutamic acid
H31, tryptophan H33 and glutamic acid H35 of
CDRY, glutamic acid Hi0, leucine 52, arginine
H56. and asparagine H58 of CDR2 and glycine HBS,
tyrosine HO96, serine H97, serine H98 and methio.
nine H1k of CDES.

The discrepancy between the buried surface areas
in the ligand and protein has a simple explanation,
In the concave binding site the ligand is enclosed by
protein side-chaing which are still partly accessible
to solvent after complexation,

NCI7T4 is inserted into a relatively narrow fissure
with its eyanopheny] group anchored at the hottom
of the cleft and its diphenyl rings protruding from
the top. The cyanide group is wedged between the
light and heavy chain backbone segments at glyeine
LO] and serine H97 and is stabilized by hydrogen
bonds (28 and 32 A) with two water molecules T

Table 7 _
Protein residues that are within hypedrogen bo
distance or van der Waals contact of the NOIH)

N8 Fah
Hydrogen hond
or ion paird
{ntomic distance &)

NC1Te van du-..

Cyanaphenyl Ay 141, Teld
Gl L35, (2
Tvr HiG,
Ser HOg

His L.27d,

Fhenyl ving 1 rli
Tyr HYG, Barff

Phery] ring 2 Trp H, Tyr
LGusnidine 3la H50, TrpHl
group NIS-H9E, Tyr 0, 240 Tyr HIG

N1G-HH0 Gla (072 g2
Carloxyl 029-H56 Arg N4, 20 Top Hg, Al

O20-H58 Asn N*, 24
D38-HAE Arg NV, 30

Maximmm contact distances are (-0 41 A O Rl
TTA NN 344 NO 34 4 0.0 39 4 Tesicue numd
according te Kabal ef af,, 1991,

Fig. 9). Methionine H100k seals the bottom o
fissure and makes two van der Waals eonta
the eyanide nitrogen atom. On one side the
phenyl ring is stacked against tyrosine
contacts) but the rings are not quite parallel,
other side the cyanophenyl group is houn
backbone atoms of tyrosine 1196, sering H
serine HO8 (total of 18 contacts) and the sida
of glutamic acids H35 and H50 (6 contacts),
The positive charge on the ligand s par
nentralized by the formation of an ion pair
between the aryl nitrogen atom (which is ali
substituent of the guanido group) and the carli
group of glutamic acid H50. This positive
further delocalined hy hydrogen bonding (24
between the carbonyl oxygen atom of tyrosin
and the protonated guanido nitrogen atom w
linked to the biphenyl group. y
Components of a continuous ligand sp
including the aryl nitrogen atom, the carban
and the third nitrogen atom of the guanidy
and the carbon atoms of the acetate mojety
tightly packed against tryptophan Ha3 (total
conlacts). Further immaobilization of the
occurs through multiple interactions (13) wi
side-chains of arginine H56 and asparaging
One of the carboxyl oxygen atoms of acel
within ion pairing or hydrogen bonding d
(30 and 28 A) of hoth a guanido nitrogen |
(N™) of arginine H56 and the amide gronp of &
agine HaR, while the second carboxyl oxygen
is Paired (30 A) with the guanido nitrogen
N»=,
The bipheny] rings are rather loosely assoi
with the protein. One ring interacts primarily
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e 9, Top, steren diageram of the NO174 ligand in the binding site. The light chain constituents are colored blue,
avy chain components green, the ligand yellow and the ordered water water molecules red, Light chain contacts, in
nckwise order, are supplied by His LE7d and Tyr L32 of CDED and Gly L1 and Tye LG of DRI Clockwise,
Higavy chain constituents are Tyr HB6 of CIES, Arg H56 of CDR2. Trp H33 of CDR1, Asn HA8 and Glo HE0 of

0 HE5 of CDIET, Met H100K of C1DI33 and the backbone atoms of Ser HO2 and Ser HO7 of CDRES, The diphenyl
the ligand are located at the top of the creviee just in front of Tye HBG. Below the right phenyl ring is the acetic
mniety which is neutralized by Arg H36 and Asn H58. The planar Y¥-shaped structure in the middle of the ligand is
aly charged uanide group, which is neutralized by Gla HS0 and Tyr HOG, At the lower left the cvanopheny]
vigsitnated near Tyr LBG and the evano geoup is wedged belween the baekbone segments of the light and heavy
by LOL and Ser HO92, Two water molecules invelved in the hinding proeess (see the text) are located below Lhe
pip. Bottom, a slightly different view to illustrate the conformational ehanges in the active site on
ation. Constituents of the native Fab and its accompanying water molecules are colored magenta. Shifts in the
il thain are relatively minor except for the backbone displacement at Gly LA1. In the heavy chain there is a sterically

ited ehift of Trp H33 and major adjustments of CDES, including the swing of Tyr HOB to & position supporting the
! rings of the ligand (also see Fig, 3),
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Table 8
FProtein-solvent-ligand nefworks itn the NOITL-NOG8 Fab complex
Protein-water Ligand water B fuctor
distance (4] Protein —— ———— solvent — — — — ligand network distance (4] of solvent
2-8 H-hand L5507 Wld O x17 32 H-bond )
25 H-homed Has 02 W27 0 ity a1V alg
34k 1T-hand Lae 07 W47 O 15 55 VINY Al
35 H-bond Ha N7 WGl O (54 28 H-bond 434
24 H-hond Ly 0% W2 O w17 25 H-bond bk
28 H-hond LB O Wiz O N17
241 T1-hond Lal Wsh O 51 B VDAY Lk
A0 H-honed L4210 WER) O {51
Mo Wail O il 36 VDWW 471

Ligonad aboms are numbered as in Figoee 4,

the light chain (histidine L27d, 1 contact, and tyro-
sing 132, & contacts), although the side-chain ot
serine HO7 makes two confacts with the distal side
of the ring, The second ring makes contact only
with tryptophan H33 {5) and tyrosine HO9G (4).

There is a very attractive explanation for tyrosine
HM movements, which are conpled to the rotation
and expansion of the CDRS loop (see Figs 3 and 9).
During  complexation  the backbone carbonyl
oxygen atom of HO6 is displaced 2-1 A toward the
ligand to make a hydrogen bond (29 A) with a
guagnido  nitrogen  atom  (N-15; =ee  Table 7).
Simultaneously, the tyrosine side-chain is recruited
and stabilized by the interactions with the diphenyl
group, Finally, the protein backbone at serine HY7
is also directed toward the ligand and the carbonyl
group makes a weak stacking interaction with the
evanopheny] ring {sce Rowland ef af., 1990; Thomas
el af., 1982), These conformational shifts are con-
sistent with an induced fit mechanism of binding
iBdmundson ef al., 1974, 1984, 1987, Edmunds=on &
Ky, 1985; Colman, 1985; Bhot ef al., 1990; Herron el
al, 1991 Rini of al | 19492).

(i) Solvent molecules in the active site

Heven  ordered  water moleeules  have
detected within 4 A of the ligand in the active site
jzee Table 8}, They are also sufficiently close to the
protein to make eight hydreogen bonds with oxygen
or nitrogen atoms. Six of these molecules are visible
in Figure 9. Two are within hydrogen bonding
distances (32 and 28 A) of the cyanide nitrogen
atom {N-17). Another is hvdrogen-bonded (28 &) to
a carboxyl oxveen atom (0-39) on the acetic acid
maoiety, OF the remaining three, one is between the
evanophenyl ring and glhitamic acid H35, one is
near the guanido carbon (C-15) and one is cloze to a
diphenyl ring (C-51). These ochservalions suggest
that water molecules are included (rather than
excluded) in the binding process. By bridging the
ligand and protein, they provide part of the local
articulating surfaces.

breen,

(1) eneral distribution of ordered solvent mola
around the profeins

The locations of ordered water molecules i
structure of the complex are shown in F
Solvent  molecules  forming  hydrogen
(=32 A) with protein atoms are listed in Tah
The general distribution of water molecules
the four domains is summarized in Table 915 F
assignments are made for the native protein |
of the limited resolution (246 A} of the d
data, but those sclected follow the overall p
ohzerved in the complex.

Table 9
Aszigrments of waler molecules

Complex Native

FProtein atoms NC1T4-Fal MOG8 Fal i

A Number af hydvagen bonds (distances of 32 4 or o) b
grradedn gl soleend ofoms
(i} Muin chain

O=0 0 4
MNH i Al
(i} Side chain
Fer ¥ 3l ¥
Thr O 12 |
Tvr OH 11 il
Glu 07, 02 15 i
Azp 0P M 13 i
Giln 0% N7 17 4
Asp 041 NH I 1
Tep N 2 i
His N, N 4 !
Lys N* ] i
Arg NY N 7 !
Tatal 276 ;
Diomain Complex Native

B, Distribudion of solvent molecwles wilkin 5 A of eack dom

v, 71 il
Vi a4
o T
2,1 s
Tistal 2005
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o the latter, 33% of the hydrogen bonds
bieen water and protein involve main-chain
nyl oxyegen atoms. Main-chain amide groups
ennt for 209, and the remainder are distributed
mine side-chain oxygen and nitrogen atoms. In
e wases water moleeules are within hydrogen
ding distance of Lwo protein atoms, particularly
eent carbonyl and amide constituents in the
-chain. There are a fow examples in which
e to five protein and solvent atoms are in close
Citact with one water molecule.

The overall distribution of solvent molecules is
‘ gignificantly different from  those in other
snunoglobulin fragments examined in this labora-
[Elv ef wl., 1989; Herron et af., 1989, 1891; Fan
al, 1992). However, there are several structural
falures worthy of comment. As expected, ordered
it molecules tend  fo accumulate in regions
me there are relatively high coneentrations of
presidues: eg. CDRE of the heavy chain (upper
thand loop in Fig. 10} and the distal ends of the
domains (surfaces at the bottom of Fig 10). At
13 ordered water moleeulez can be identified in
gpace between Wy and Oyl (middle right in

e 10, Stereo diagram of the hydrated CF skeletal model of the ligand-Fab complex. The light chain is colored
a, the heavy chain cyan and the ligand yellow, Ordered water molecules are represented by green dots.

Tigr. 100, A similar pattern of organized solvent was
first noted in the space between the V' oand O
domains of the tightly flexed heavy chain analog in
the orthorhombic form of the Meg light chain dimer
(Ely et al,, 198%), Such elustering is not abserved in
the V-C interface of the light chain analog of the
Meg dimer, the light chain in the native or liganded
NCG-8 Fab (middle lefi of Fig. 10) or in the heavy
chain of the native NCG.8 Fal. The organization of
bulk solvent in this region thus appears Lo be depen-
dent on reduction of the available space by the
flexing of the V and ¢ domains.

(k) Crystal packing diagrams for the native and
liganded forms

Packing diagrams are presented in stereo in
Figures 11 and 12, with the native protein displayed
in the top panel in each caze. In Figure 11 the four
Fabs in each unit cell are shown as color-coded C*
skeletal models, Two adjacent Fabs related by a
unit cell translation along the shortest dimension of
the cell {514 A along b in the native Fab and 37-3 A
along ¢ in the complex) are displayed in Figure 12,
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Figure 11. Comparison of the erystal packing of the native and liganded forms of the NC6.8 Fab. Top, stereo dig
of 4 native protein molecules, One monoelinic unit ecll iz outlined in yellow. the the r-axis horimontal and the

intersecting it at an angle () of 132:8% 1n 2 of the molecules the light chains are colored magenta and the heavy
eyan. In the other 2, the light chains are dark blue and the heavy chains are green. V domains of the 2 moleenle:

top row are on the left and the C domains are on the right; ie these molecules are packed in o head-to-tail arang
These directions are reversed in the bottom row, To aid in visvalization, note that the 2 magenta C) domains meet
the diagonal direction. Bottom, stereo diagram ol 4 molecnles of liganded Fab in the orthorhombic unit esll. The &
hovizontal and the y-axis is vertical, In this view the V domains are on the right in the top row and on the lefi

bottom row, The ligands are colored vellow,

(1) Packing tleractions of the native protein in
sprce growgs O

The native Fabs are somewhat more tightly
packed than the liganded molelenles [(51-5% versus
5a-99, solvent). In Figure 11 (top panel) the view
into the @z plane illustrates head-to-tail and anti-
parallel  side-by-side  packing  interactions  of
unliganded Fabs. Across the diagonal the O domaing
of light chains (magenta) are particularly close to
each other.

In head-to-tail interactions, CDR] constituents of
both the light (magenta and dark blue) and heavy
chains (eyan and green) and CDR2 of the heavy
chain encroach on the distal C regions of the nexi
Fab aligned along the a-axis. Arginine H536, one of
the major residues in ligand binding, is in van der
Waals contact with the interchain disulfide (T1128)
of the symmetry related molecnle,

[n the antiparallel series, the distal ends of th
domaing (evan and green) face each other i
diagonal direction in Figure 10, as do the
domains (magenta). There are two regions wh
homologous residues are juxtaposed in antips
Fabs., Serine HS2b side-chaing on  adjacen
domains are within hydrogen bonding distanc
each other, and the backbone carbonyl grou
two serine HI65 residues in adjoining Cyl domaig
are in van der Waals contact. '

Between the distal ends of 2-fold-related
domains, as  shown in Figure 11, the s
containing serine L127 or H165 are in contact @
turns involving asparagine L190 or glutamine HE
These loops are sterically compatible with ¢
other but do not contribute significantly to fi
stahilizing the crystal packing. '

In the gz plane side-by-zide interactions o
between heavy (green) and light (magenta) oh
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igure 12, Comparison of the packing of the 2 species along the smallest unit cell dimension, where there is gpace for
I Fab molecule. Top, stereo diagram of 2 native Fabs in identical orientations in adjacent unit cells, The & cell
mension, roughly spanned by the width of each molecule in the horizontal direction, iz 314 A The eolor scheme is the
as that in Fig. 11, with the addition of yellow disulfide bonds. Bottom, stereo disgram of 2 moleoules stacked in
facent unit cells along ¢ (373 A) Compare the views in Figs 11 and 12 to see how the different shapes of the 2 forms
ot the crystal packing.

across the unit eell boundaries. The lower end of the {m) FPacking of NOITL-Fab molecules in
strand of Vi interacts with a turn of () wia a apace growp P22 2
rgen bond between the main-chain carbonyl
yeen of lencine H11 and the s-amino group of Unlike the native protein, the complex partici-

£ L1939, The distal part of the switeh region  pates in very intricate packing. One of the most
iues 115 and 116) of the heavy chain is in prominent lfealures seen in Figure 11 (lower panel)
tact with residues 202 to 204 of ;. is the head-to-tail packing of CDRs 1 and 2 and
Although not clearly visible in Figure 12, the  their adjacent framework regions in one light chain
Aeterminal strand of the heavy chain participates in - (magenta) with the distal loops of the Cp, domain in
amany packing interactions with the light chain of an  the next molecule {dark blue). Of the 29 contacts of
Wljacent Fab. Arginine H1 makes three contacts CDR1 with glyeine L152, serine 1153 and arginine
W th the zide-chain of leacine L106 and a hydrogen L1&5, 27 involve backbone atoms, an indication of
wd (31 A) with the carbonyl oxvgen of lysine tight packing, The carbonyl oxvgen atom of serine
7. Glutamine H3 forms hydrogen bonds with the  L37e forms a hifurcated hydrogen bond with two
thbone carbonyl oxygen atom of glutamie acid  protonated nitrogen atoms of the arginine L155
tand the amide group of alanine L80. Other side-  side-chain, while the amide group of glyeine L20
atoms of glutamine H3 are also in contact  hydrogen bonds with the carbonyl oxygen atom of
glitamic acid L79 and alanine L80. Leucine  serine 153,
and glutamic acid L79 complete this series with The continuation of CDR1 of the light chain, the
three additional interactions, end of FR2 and CDRE2 impinge on the C-terminal
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segment of U and a neighboring loop. Side-chains of
asparagine L30 (amide group) and tyrosine L32
(hydroxyl group) form hydrogen honds with the
terminal carboxyl group of half-cystine 1214, They
also malke seven other contacts with this residue.
Tyrosine 148 (FR2) participates in 16 interactions
with arginine L211 and asparagine 1.212, including
a hydrogen hond (31 4) with the backbone
carbonyl oxygen atom of arginine L211. Arginine
L30 (CDR2) interacts with half-cystine 1214, while
phenylalanine L55 extends between the C-terminal
segment {asparagine L212) and the neighboring loop
(asparagine L190). Serine L36 contacts backbone
atoms of arginine L188, histidine L189 and aspara-
zine T1M)

CDREs 1 and 3 of the heavy chain (cyan) also
encroach on the C-terminal segment of the light
chain (dark blue) in the adjacent molecule. Two
hydrogen bonds are formed in this series, one
between the hydroxyl group of tyrosine H32 and
the carboxyl oxygen of glutamic acid L213 and the
second  between the carboxylate of aspartic acid
H101 and the side-chain amide group of asparagine
L212. Tyrosine H96 and serine MH97 side-chains
extend to the atoms (4 contacts) of half-cyatine
L214, including the disulfide sulfur atom.

Interactions directly involving ligand are far too
few and too weak Lo account for the change in space
group from 2 to P'2,2,2 after complexation, Only
two atoms of one of the diphenyl rings of the NC174
ligand (yellow) are in van der Waals contact with
the f-carbon atom of eystine L214,

In the zz plane, the ¢ unit cell dimension (37-3 A)
is too small to accommodate even a single Fab
molecule unless it is bent and stacked in the pattern
shown in Figure 12, lower panel. This arrangement,
is stabilized by important interactions between light
and heavy chaing in adjacent Fabs, N-terminal
glutamic acid, CDR1 and CDR3 of the light chain
(magenta) are close to the N-terminal segment of
the neighboring heavy chain (see end of green chain,
upper right, Fig. 12). The side-chain of arginine HI
iz in contact with 18 main and side-chain atoms of
residues L27a, b and ¢ of CDRI. One of the guanido
nitrogen atormns is within hydrogen bonding distance
of the carbonyl oxygen atoms of serine L27a and
valine L2Te, as well as the hydroxyl] group of serine
L2Ta. Arginine H1 also interacts with the side-chain
{4 contacts) of histidine L83 of CDRES. Glutamine
H3 makes single contacts with the main-chain of
glutamic acid LI and the side-chain of glutamine
L27.

The molecules along 2 are tilted in such a way
that the top outer part of €y (residues 1.142 to L146)
18 situtated opposite one of the most distal loops of
Cyl (residues 196 to H201). Asparagine L145
comtacts five heavy-chain residues and participates
in 17 of the 25 interactions. These include a bifur-
cated hydrogen bond between the side-chain amide
group and the carbonyl oxygen atoms of serine
residues H185 and H196 and another hydrogen
bond between the side-chain oxygen atom and the
hydroxyl group of serine H202,

The overall complementarity of the stad
molecules, the relatively large number of i
actions and the special anchoring effects of
chains of asparagine L145 and arginine
features not found in the erystal packing
unliganded Fab molecules. Such interactio
only possible when the molecules are ben
different shapes from the extended conformat
the native forms,

(n) Attempt to fit molecules of the anbigen-Fil
complex info the wndl cell of the nolive protiy

Molecules of the native protein were replaed
the €2 unit ecell by comparable models of
complex. In this procedure the V domains
complex were first superimposed on  the
unliganded Fabs in the €2 unit cell on the g
sereen and then the models of the lat
removed. Two transposed molecules of the
are shown in sterco in Figure 13. Note
distal portions of the C domains overlap seve
iz clear that the structure of the complex is i
patible with the crystal packing of the na
and wice versa,

4. Discussion

The NOBS protein appears to have nums
features in common with a sweet taste res
Affinity for the guanidine based NC174 lip
reasonably high and all components deemed
tial for the sweet taste are matched by comple
tary constituents of the protein, Binding o
end-on insertion with the functionally mos
tant group in the lead (ie. the eyanophenyl
If binding were dictated strictly by a hyd
effect with the displacement of water, we
have expected the hiphenyl rings to ente
crevice first, Tnstead, these rings are accommo
at the entrance of the site rather non-spec
like handles on a stopper. They are exposed
solvent on their outer surfaces and make only
interatomic contacts with ordered water molsgb
technically “inside™ the active site, Thi t
hydration of the ligand inereases in the vitinitys
the switterionic portion {7 contacts with wat
the base of the active site, where the polar ¢
group is wedged between the light and
chains, water is actually included rather
excluded in the binding interactions (9 contae

Owverall interactions with the protein i
with the penetration of the ligand into the
gite. The biphenyl, zwitterionic and cyanoph
groups acceount for 22 (239, 33 (349)
{43%) of the total of 86 interatomic contacts,
three groups interactions are predominantly
heavy chain constituents (68, 97 and 699
overall). Such disproportionate favoring of
heavy chain has been noted in many ather
body-antigen complexes (Davies ef al., 1990; Tu
al., 1992a.b; Sheriff, 1993). The light chain
more prominent roles in providing key o
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ea of the type secn hers,

dies or higher proportions of the interacting

28 in fewer cases, such as the 4-4-20.
i, AN02-2,2.6 6-tetramethyl-1-piper-
pey-dinitropheny] group and the D1.3-1K225
ipleses (Herron et al., 1989, Bentley ef al, 1990:
nger ef al., 1991).

174 interact mainly with protein side-chains
ier than backbone stoms (19 of 22 and 30 of 33
acts in the 2 groups). Interactions of the
nyl rings are primarily with aromatic residues
f 22 contacts). While guanido and acetate
g of the switterion are sterically restrained by
pyptophan H33 side-chain, the functionally
rominent interactions are polar in nature.
pusitive charge on the guanido group is neutral-
by 1on pairing with glutamic acid H50 and
n bonding with the tyvrosine H36 carbonyl
gen atom. The negative charge on the acetate is
eed By ion pairing with arginine 56 and
gen bonding with asparagine H58,

ith the diphenyl and switterionic groups of

e 13. Stereo diagram of 2 molecules of the liganded form packed into a crystal lattice identical to that oceupied
ve Fahs, To produce this photograph, the V domains of the liganded struetures were first superimposed on those
iative Fabs placed in unit cells like that shown in the top panel of Fig. 11, When the molecules of native Fabs were
oved from the praphivs screen, it was clear that the substitution of liganded molecules led to unscceptable stevie

It seems clear that the formation of a stable
ligand-protein complex is dependent on conforma-
tional changes in CDR3 of the heavy chain, parti-
cularly in the backbone and side-chain of tyrosine
HB6. The key interaction is probably the backhone
displacement of the H¥ carbony] gronp to make
the hydrogen bond with the ligand’s gnanido group
ag mentioned above, After these changes the
carbony]l oxygen atom remains in van der Waals
contact with 12 atoms of the ligand. The upward
rotation and translation of the tyrosine side-chain
to stabilize one of the dipheny] rings appears to be a
finishing touch rather than a erucial step in the
initial binding events.

To understand the latter, we looked for clues in
the mode of binding of the cyanophenyl group. In
contrast to the zwitterion and the biphenyl group,
28 of 43 (659,) of the contacts of the evanophenyl
moiety are with backbone atoms (6 with the light
and 22 with the heavy chain). Interactions with the
light chain backhbone are all with the O atom and
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carbomyl group of glycine LO1. In the heavy chain
the backbone interactions are spread over the tetra-
peptide sequence of Tyr-Ser-Ser-Met (residues H96
to H100k of CDE3). The cogent feature is the nearly
comprehensive set of atoms involved: the carbonyl
oxygen atom of tyrosine H96; the C*, carbonyl
carbon and carbonyl oxygen atoms of serine H97;
the amide nitrogen atom, the 7, carbonyl carbon
and carbonyl oxygen atoms of serine H98; and the
amide nitrogen atom of methionine H100k. Because
of the congestion, final adjustments of atomic posi-
tions had to be made under program control
(X-PLOR) to minimize steric clashes,

After complexation, the (—C=N linear array of
atoms and the lower part of the phenyl ring are thus
found to he closely sandwiched hetween the two
chains. Remaining (upper) surfaces of this ring are
covered by the side-chains of tyrosine LA6G, glutamic
acid H35 and glntamic acid HS0, Ordered water
molecules  oconpy  the small volume of space
remaining in the subsite. Opposing suwrfaces of the
eyanophenyl group, water molecules and protein
substituents are too tightly packed in the complex
to he compatible with the unaltered native stiue-
ture. We concluded that penetration of the eyano-
phenyl group into the narrow space between glyeine
L91 and CDR3S of the heavy chain iz the probable
initiating step in events leading to dissolution of
erystals of the native protein,

Locally, the wedge serves Lo fighten some inter-
actions that are sterically possible without confor-
mational changes and to shift CDE3 segments to
make room for the cyanophenyl group, These small
changes are amplified into large global movements.
The heavy chain is pushed by the ligand and
behaves as if it is in compression. Its overall length
is shortened as the angle between the V ound O
domains decreases, Al the same time, the light chain
acts as if it is in tension. The angle between V and C
domaing inereases and the light chain becomes more
elongated. These concerted and reciprocal changes
in the overall conformations are facilitated becanse
the chains are linked covalently by a disulfide bond
at the distal ends of the C domains and non-
covalently by sets of pairing interactions in the V
and O domains.

The effects of these changes on crystal packing
are profound. As outlined earlier, the elbow bend
angle is decreased by 317 and the C domain pair is
rotated, swiveled and tilted relative to the ¥V pair,
These changes alter the shape of the Fab envelope
and the relative locations of surface features impor-
tant for erystal packing of the native protein. When
NCLT4 is added to a erysztal of the native protein,
the stabilizing elements  are  rearranged  and
unacceptable sterie clashes oceur between the O
domains  of neighboring molecules. The original
erystal is shattered and replaced by a new form
which has a different space group and unit cell
dimenzsions.

Adjacent to the site of papain cleavage of the
heavy chain to produce the Fab [glutamic acid
H224), the polypeptide backbhone iz locked into the

globular pa]"t. of Cyl by hydrogen hond
Fig. 7). Consequently, thiz segmenl aeccon
the Cyl dommn in the rigid body m
desa,ubud above: ie. it is rotated, swivel
tilted. The s-carbon  atom  of the C_
slutamic acid H224 is displaced 19 A from
tion in the native protein. Because of the &
tion in length of the heavy chain, it is also
to Vi In an intact Igd molecule these
position would result in relayed tension | i
strand connecting the Fab to the e
Collectively, these observations s
mechanism for intramaolecular signaling be;
V and C domains of the Fab in the N
complex. If this transmission continues b
Fab regions, it could well influence th
orientation of the Fo, where complement
and other effector functions are perform
In the crystal structure of an intact mus
body (Mab 231) of the same subclass
TGy, the Fab-Fe connecting segmen
e]ongaied tethers vather than a more
“hinge' (Harris ef al,, 1992). The Fe reg
Lg(3 5, molecule is apparently easy to disp
it assumes an asymmetrical orientation el
the two Fab armz. Mohbility of the Fe was
surmised in ervstal studies of the Kol hu
molecule (Colman ef al | 1976; Marguart e
and the Zie human g, protein (Ely & ol
where the Fe regions were too disordered
bute to the X-ray diffraction patterns,
In the mid-1970s examination of
number of structures of native and ligan
(Rarma ef al., 1971; Poljak ef al,, 1973; Schiff
1973; Begal et al., 1974; Epp e al., 1974 Au
1874: Edmundson «f ef., 1974, 1975; Fehl
al., 1975 Padlan et al., 1976; Colman ef al,, 1
o a suggestion that antigen binding is accon
by a stiffening of a flexible antibody
thromgh the formation of longitadingl
between domaing (Huber ef ol 1976). W
hypothesis did not prove valid in detail, the
of partially closed interdomain contacts in
the thinking of our laboratory from the oot
still do not dizseount the possibility of i
rigidity  after  complexation. The N__'
complex iz definitely more ordered in i
gtructure than ithe native protein. :
The heavy chain analog of the Meg |
dimer exemplifies the facility with which
interface iz opened and closed. A comparis
struciures of the orthorhombic (water) and
fammoninm sulfate) forms of the dimer
1985; Schiffer ef al, 1973; Edmundson e
reveals that the slightly open V-O interf;
heavy chain analog of the orthorhombie for
significantly  when the crystallization
changed to ammonium sulfate. The V-C
decreases by about 117 from 537 to 42° and
nine water molecules are expelled from
face, While the V-0 hend angle in the |
analog does not change (10807 versus 107
averall elbow bend of the dimer decreases from|
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Moreaver, the center of mass of the O
tz laterally by 6 A relative to its posi-
rthorhombic form, As in the NO174-Fab
increase in the flexion of one of the two
adz to ! domain movements, which are
into large swings of the segments ai the

ithentic heavy chain in the Meg intact Tg(i,
obulin hasz an even more closed -and more
gated conformation at the Viy-Cyl junction
angle of 30°; Guddat et al., 1993}, In
g with the heavy chain to produce the
ht chain retains an open conformation
d a.nglc of 1087 bul the center of mass of
Cdomain is translated laterally by 16 A
to that in the orthorhombic form of the
n dimer. A erystal structure of a ligand-
plex has not as yet been determined for
buat it seems likely that flexion at the
ction is again coupled with sizeable maove-
of the ' domains, These crystallographic
evenl the ease with which the O domains
moved with respect to the V domains and
‘ﬂhat- th]s pmpvrt\: can be utilized for intra-

ther nmrinc antibodies in our eollection
pared with the Meg proteins because they
v dissimilar in their gquaternary structures,
om the 4-4-20 TgG,, (Gibson ef al, 1985;
al., 1989) and the BV04-01 TgG,, (Herron
91 antibndie& are extended stroctures with
d angles =170°. The liganded form of
I (anti-fluorescein), crystallized in 2-methyl-
anediol is nearly isomorphous with the
mded (native) Fali of BV04-01 [anti-zingle-
-I}\H] erystallized in ammoninm sulfate,
ded 4-4-20 has not been crystallized, The
{1 angles for the light and heavy chains are
nd 967 (4-4-20, liganded) and 81° and 96°
. native), values very similar to those of
NC6.8. In all three proteins the light chain
flexed conformation while the heavy chain
extended. This is a reversal of the situation
g series and reinforees the conclusion that
chain can mimie the light chain in its
of conformational flexibility.
| >J:I:L'plr::{;fl,t,iﬂrn of BY04-01 with o trinucleotide
ythymidylate, the crystal habit and the
e group are both altered. The active site of
WD 2 enlarged by local  conformational
and by rigid body movements of Vy
eto V (Herron et al., 1991). These changes
cwompanied by mnocrted shifts in the V-0
angles of the light (81° to 84%) and heavy
(967 to BST). Although the movements are
, the reciprocal changes on complexation are
e directions as in \(‘{a # {ie. extension of
H‘cham flexion of the heavy chain),
subjected other molecules to similar caleula-
The human Kol IgG, (unliganded) and its
giment (Matsushima ef al., 1978; Marquart e
| show only small differences in the V-
gles of the light (847 versus 56°) and heavy

chaing (9 versus B8%). In the murine B1312 Ig(,
molecule {activity against a peptide from myo-
hemerythrin; Stanfield ef ol., 1980), the light chain is
extended (bend angles of 937 and 92°) and the heavy
chain is flexed (74° and 77%) before and after binding
of the ligand, The 17/9 TgG,, antibody (activity
against a poplide from influenza hemagglutining
Rini ef al., 1992) behaves in the opposile way from
NCGA, On complexation the bend angle decreases
for the light chain (38° to 827) and inereases for the
heavy chain (827 1o 927,

It is well known that the binding of antigen is a
prerequisite for the aggregation of TgG antibodies
and altachment of the first component {Cleg) of the
complement cascade to the Fe region. This agorega-
lion process is generally amsouat.{*d with larger
(often polyvalent) antigens rather than haptens
(Metzger, 1954}

We agree with the reviewer that the present
results are very different from those of many other
hapten studies, including our own, If NO1T4 s
unusual, we should be able to devise a set of experi-
ments to evaluate what features are responsible for
itz special effeets,

Preliminary analyses indicale that these effects
are not atiributable to the protein per se or to
peculiarities in the erystal packing. Among other
sweel tasting compounds binding to the NOB .8 anti-
body, two compounds lacking the evanophenyl
moiety  (NC24, o 2-dimethyl-4-methyl-hicveln
[2.2.1] heptanyl derivative of guanidine and NC90,
a eyelooctanyl derivative) fail to dissolve crystals of
unliganded N(6.8 Tab. Coerystals of these ligands
with NU6.8 Fab resemble those of the native Fab
rather than the erystals of the NC174-Fab complex.
For example, both complexes crystallize in space
gronp C2, with unit eell dimensions indistinguish-
able from those of the unliganded protein within the
errors of the methods,

While the structural studies of the complexes are
still in progress, il is fair to say that the Fab
maoieties adopt the native tvpe of conformation in
the complexes with either NC24 or NOO9O. NO24 and
NC90 have been outlined in 30 4 electron density
maps. In each complex the ligand fits securely in the
active site but the penetrating end (a carboxyl
group) is not wedged between the light and heavy
chains like the cyanophenyl group of NCIT4.
Moreover, the mobile tyrosine 96 residue remains
in the “down” position similar to the orientation in
the native protein. It should be emphasized that the
two alternative ligands bind to NCG.8 with affinity
constants two orders of magnitude lower than that
of NO174

It is possible to prepare crystals of a double
derivative of NCGS Fab with NC174 and NO24.
This complex erystallizes in orthorhombic space
group F2,2,2, rather than P2,2,2 as in the gingle
derivative with NC174. Again 1!1@ results are pre-
liminary but the Fab moicty has the now familiar
conformation associated with the binding of NC174
alone.

In summary, the facile interconversion of light
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and heavy chain conformations suggests one
possible mechanism for amplification and trans-
mission of conformational changes associated with
ligand binding. For NOG.8 and NCI74 the signaling
15 dependent on reciproeal flexion and extension of
the two chains. In the Meg IgGl or light chain
dimer, flexion of the heavy chain alone can lead to
substantial lateral displacements of the Uyl-Cp ar
Col-Cp2 module because the two O domains are
tightly coupled,

NC174 departs from the more familiar patterns
associated with the binding of less intrusive hapiens
to the NCB.8 Fab. It will be interesting to see if it
mimics the long distance actions of larger antigens.

Direct evidence remains Lo be gathered to test
whether the sizeable movements of the last segment
in the Cyl domain continue into the Fe, The latter
has also been shown to e susceptible to large shifts
in orientation, particularly in the Igl,, series of
antibodies, At the present time we can only speeu-
late whether any such transmitted motions are asso-
ciated  with  the conformational changes and
aggrecation required for complement lysis. If we
restrict the arguments to functions distal to the
aclive site in the Fab alone, the NOG.8 molecule can
be classified as an allosteric protein, Ts overall
structure can clearly be altered by the binding of a
small ligand like NC174.
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