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Correlation between segmental flexibility and
effector function of antibodies

V. T. Oi, T. M. Vuong, R. Hardy, J. Reidler, J. Dangl, L. A. Herzenberg & L. 5

Department of Structural Biology, Sherman Fairehild Center and the Depertment of Cenetics, Stanford University School of Medicin
' California 94305, USA

Mouse monaclonal anti-dansyl antibodies with the same antigen-binding sites but different heavy chain consianis
were generated. The extent of segmental flexibility in times of nanoseconds and the capacity to fix complema
greatest for IgG2b, intermediate for IeG2a. and least for IgG1 and IgE. Hence. the effector functions of immu
isotypes may be controlled in part by the freedom of movement aof their Fab arms.

[MMUNOGLOBULIN G is a flexible Y-shaped molecule. The In most antibody-producing hybridoma cell lines, va
two antigen-binding Fab units of IgG are joined to an Fe unit arise which produce antibody containing a differs
al a hinge that allows the angle between the Fab parts to vary  chain'®. For example, cells producing [20G2b sometime)
over a broad angular range, as shown by hydrodynamic', elec- from a cell line producing [gG1, The frequency of thes
tron microscopic™, and X-ray erystallographic studies™®.  chain switch variants is ordinarily low (10752107
Nanosecond fluorescence  polarization measurements have ation}. These rare cells can be separated by fluare
demansirated that immunoglabulin molecules exhibit segmental vated cell sorting on the basis of the appearance of &
fexibility in the nanosecond time range™”. Segmental flexibility  heavy chain on their cell surface'®* [y these switch
is likely to be important in enabling immunoglobulins to hind the light chain remains the same, whereas Vy, becom
aptimally te multivalent antigens and to carry out certain effee- te a different €. Consequently, the antigzen-combining
tor functions. Studies of polyclonal antibody populations have  the same as in the: parent, despite the change in the b
suggested that immunoglobulin classes differ in their degree of  constant region. Many of these switch variants are
segmental fexibility'™ ' We have explored the relationship  can be cloned,

between hinge mation and effectar function in specially con- We chose to generate a family of homogeneous mo
structed families of homogencous immunoglobulins. Mouse dansyl (DNS) antibodies for two reasons. First, the fiu :
monoclonal anti-dansyl antibodies with the same antigen- emission spectrum of the bound dansyl chromeaphaor
combining sites but different heavy chain constant regions (Fig.  responsive to the polarity of its environment'®, makis
1) were generated by selecting somatic variants in hybridoma convenient and sensitive indicator of whether the 4
cell lines. The extent of segmental flexibility in times of combining site of the switch variant antibody is in fact b
nanoseconds (measured by fluorescence spectroscopy) and the as that of the parent line. Second. the bound dansyl chromg
capacity to fix complement were greatest for [gG2b, intermedi- has an excited state lifetime suitable for determining i
ate for 12G2a, and least for IgGl and IgE. Hence, the effector  mental flexibility of immunoglobulin isotypes by nan
functions of immuneglobulin isotypes may be controlled in part  fluorescence polarization spectroscopy®. Variant hyl
by the freedom of movement of their Fab arms. cell lines producing different immunoglobulin isotype
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Bl Mean rotational correlation times of immunoglobulin isotypes
1 and their Fab fragments

it (ns)
MNa DTT With OTT
family
immunoglobulin
1gE 124 ge
[a | 81 58
[pG2a Al 31
TG 47 47
Fab fragment
- LGl 28 28
[2G2a 28 28
TGk 24 29
family
1 immunoglobulin
zG1 93 55
pG2b 46 45

d by using affinity-purified goat and rabbit anti-mouse
ain scra and a pancl of hybridoma  anti-mouse
noglobulin allotype antihodies™®. [pG2h, 1gG2a and IgE
NS antibody-producing cell lines were isolated starting
mouse [pGl anti-DNS hybridoma cell line DNS1 (Igh®
 also desi$natcd as 27-44), Our previous nanosecond
enee study”” showed that 1gGl from this mouse cell line
igid than is polyclonal rabbit anti-dansyl antibody. The
cape of the DNS1 family is: 1gGl (27-44) - 1pG2b (27~
Ga (27-13) = 1gE (27-74). A cell line containing 2
t 1oGl anti-dansyl combining site, DNS3 (1gh® allotype,
ignated as 44-10), served as the source of another
syl [2G2b (44-32).
dimensional gel clectrophoresis of antibodies pro-
o by the TIMS1 family shows that the heavy chain synthe-
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sized by each member has the electrophoretic mobility expected
for v1, %2h, ¥2a and & chains (Fig. 2). Also, these gels show
that the light chains produced by this family are identical
Corresponding results were obtained for the DNS3 family.
Heavy chains synthesized by these variant cells In the presence
of tunicamycin, a known inhibitor of asparagine-linked giycosy-
lation'”™*!, have a greater electrophoretic mobility than do those
synthesized in its absence. This finding suggests that each variant
isatype 1s normally glycosylated in the absence of tunicamyein,
The fluorescence emission spectra of s-dansyl-L-lysine bound
to switch variants of the DINSIL cell line are identical 1o that of
the parent cell antibody (Fig. 3), strongly suggesting that the
DNSI family has the same antigen-combining site. Likewise,
hoth DMNS3 isotypes have identical dansyl fluorescence emission
spectra. Also, the dissociation constant of the antibody-hapten
complex is the same within the DNS family (K,= 17+ 1 nM)
and the DNS3 family (K,=3%1 nM).

Segmental flexibility

The segmental fexibility of these anti-dansyl immunoglobulins
was determined by measuring their fluorescence polarization
kinetics in the nanosecond time range”'“*%. A solution of
immunaglobulin containing bound e-dansyl-L-lysine is excited
by a picosecond pulse of vertically-polarized light. Photoselec-
tion produces an ensemble of excited choromoephores preferen-
tially aligned in the vertical direction. The arientations of these
excited molecules then become randomized by rotational
brownian motion, The rate of randomization depends on the
size and shape of the immunoglobulin, and also on its modes
of flexibility. These motions can be monitared by measuring the
intensitics of the vertically-polarized [v{1)] and horzontally-
polarized [x(1)] components of the fluorescence emission as a
function of time following the excitation pulse. The most infor-
mative parameter is the emission anisotropy Airy, which s
defined as
_ oyl =x(r)

() +2xin)

The emission anisotropy kinetics of a chromophore rotating in
common with a rigid sphere is given by A{1) = A, expi—t/ ],
where Ay is the initial value of the emission anisotropy and &
is the rotational correlation time. For a nonspherical particle,
Alt)is mare comples, consisting of up (o five exponential terms.
For a rigid ellipsoid, A{r) is a sum of three exponential decays
that depend an the volume and axial ratio of the ellipsoid and
on the directions of the transition moment of the emitting
chromophore, A rigorous theory for the emission anisotropy
kinetics of rigid and segmentally flexible Y-shaped molecules
has not vet been developed, Emission anisotropy data for
immunoglobuling  have instead been interpreted pheno-
menologically by comparing observed A(f) curves with those

Al

Two-dimensional gel electrophoresis autoradiogram patterns of antibodies produced by the DINS1 family, A, IgGl; B IgG2b; O
and [ IgE. The horizontal direction corresponds to a non-equilibrium pH aradient (low pl at the left) and the vertical direction

K

ponds to sodium dodecyl sulphate polyaceylamide gel clectrophoresis' 1%, Antibadies were labelled biosynthetically with **5-methionine,
anti-dansyl antibodies in the eulture supernatants were precipitated with monoclonal antibodies speeific for y1 {A), v2b (B), v2a
2 rabbit anti-mouse 1gE (21, The spot i the lower left-hand corner appears in the same position in each autoradiogram, providing
¢ conficmation that the « light chain is the same in each, The multiple spots in the upper hall of each gel are typical for myeloma and
hybridoma heavy chains. The heterogeneity prabably arises from differences in deamidation and glycosylation,
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W|_ ] caleulated for rigid spheres and ellipsoids. In this regar
A mean rotational correlation time (&) can be informative,
Bl = — is fitted to a sum of two exponential decays, a, expli—1/d
expi—t/ds). to give (b}, which is equal 1o {a, ¢, + a,d.
@,). Rigid nonspherical particles have a {4 greater than
a rigid sphere of the same volume, Consequently, a pw
irrespective of shape, must be Aexible if its tab ) is less than o)
Emission anisotropy kinetics were measured using a
locked argon-ion laser and synchronously pumped rhod
b 6G dye laser as the excitation source and a single-photong
E ing detection system, as described previously'™. Picosecod
& ses at 325 nm were produced by doubling the frequency
TR s : 630 nm output of the dye laser. All fluorescence studis
S carried out at 20 °C. A{r) curves for the DNG] family ared
m |_S in Fig. 4A. The striking finding is that the [5G, TaG
E Lk 1] 18G2h isotypes of this Tamily display markedly differen]
3 e curves. Their { ) values are 81, 60 and 47 ns, respectively
gl ) | immunoglobulins have virtually identical molecular wej
% sedimentation coefficients (6.8, 6.67, and 6, 70, respectis
i ] Schumaker and M. Phillips, personal communication),
: means that their molecular volumes and time-averaged
i are nearly the same. Furthermore, the Fah fragments ghe
B 7 from these isotvpes have nearly the same (&) values (T:H
The orientation of the bound dansyl chromophare with
i il / 7 to the long axis of the Fab unit is identical or nearly so |
b isotypes because they possess identical antigen-combiniy
Wi T e o 700 Thus, the large difference in the Alf) curves (Fig. 4
EMISSION WAVELENGTH {nmm) almost certainly due to different extents of segmental fag
in the intact immunoglobulins, IgGlis the most rigid,
intermediate, and [gG2b is the most Hexible of the thre i
Fig. 3 Fluorescence emission spectra of s-dansyl-L-lysine bound _IgE is like I-E‘(."I,m being |'nureh rigid than IpG2a g k
ta isotypes of the DNSI (A} and DNS3 ( B) familics. The spectra (Fig. 4A). The it} value for IaE can be compared will
of isotypes within a family are virtually superposable. The excita- ol the three 1gG isotypes by scaling its {eb} to take into S8,
tion wavelength was 340 nm. its 190,000 molecular weight™ compared with 150,000(4
| SIZI[ T v 30[— T T T
| 25 A DNS1 Mo DTT { .25 B DMS3 No OTT 4
2ot 2ot \\
JASE 150
H'H__
i A0 a0k B, Tiich
| HHH“
| 5 Fig. 4 Mancsecond
| " loGan anisotropy kinetics of ¢
s Iysine bound to immunog
0 Al =1 of the DNS1 family in the 3
- (A} and presence (B) of &
& |_ DTT; and the DNS3 familys
= gal o3 ; ; ; absence () and presenes (I
W £ o
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ety ' ONST + ZmM DTT £ D DNSZ+ 2mM ODTT
I 2o
.E
A8t
LY
' IgG
FIE
\ 1962k
05
03 i L 1 ]
120 30 B a0 120
Manoseconds




VO 307 12 JANUARY 1984

rnrcaen mamplement e aginn

Artigen por wall fgegl

5 Complement-fixation by the DNS1L (A} and DNS3 (B)
iily. A microcomplement consumption assay using 10y release
m huemolysin-treated sheep erythrocyies similar to that
wribed previously™® was used to measure complement fixation
he NS 1 and DNS3 family. Immunoglobelin (10 wg per 25 pl),
Bovine serum albumin dilutions {in 25 @) and complement
CH-30 units in 25 pl) were combined in wells of a 96 well
sotitee plate and incubated for 45 min at 37 °C, Mext, 50 ul of
% solution of activated, *'Cr-loaded crythrocytes was added
mch well and after a further 45 min incubation at 37 °C the
tdvsed cells were pelleted by centrifugation of the plates, 50-pl
sots of supernatant were collected [rom each well and counted
1 on 4 gamema counter set for $1Cr

caled (b} value for IgE is 124 (130,190 =98 ns, which
larger than the 81 ns value for IgGl The sedimentation
fent of #.35 S for this IgE (V. Schumaker and M. Phillips,
mil communication) corresponds to 6.59 5 when scaled [or
plecular weight difference between IgE and Iz, This is
dent with the time-averaged shape (as expressed by the
ational diffusion coefficient} of IgE being very similar to
of the three Iz isotypes.
tion of the disulphide bonds between the heavy chains
vicinity of the hinge between the Fab and Fe units'®**
ded additional information concerning the degree of seg-
al flexibility of the isotypes, The addition of 2 mM dithio-
gl (DTT) leads to a large decrease in (g} for IgE and [pG1
4B, Table 1), Reduction of the interchain disulphides
i) of IsE from 124 to 88 ns, and that of [pG] from &1
5. DTT has no effect on {¢} for the Fab fragment of
 Thus, DTT lowers (¢ of intace [gG1 by opening up a
wted hinge region. In contrast, ITT has almost no effect
bof Teti2a and [2G2b because the Fab units of these
Iy molecules have a high degree of rotational freedom
fore reduction of the interchain disulphides.
e difference in segmental flexibility was also observed
1the DNS3 family (Fig. 4C and Table 1). [gG2b is again
more flexible than IgG 1, as evidenced by their A{f) curves
jvalues. Also, DTT markedly decreases () of 1gG1 and
tle effect on {¢) of the more flexible IgG2b (Fig. 40 and
ik
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Complement-fixation effectiveness

The ability of these antibody molecules to fix complement was
measured using a micro-complement consumption assay” .
Dansylated bovine serum albumin served as the antigen. In the
DNST family, IgG2b is most effective in fixing complement, and
1g(32a is also highly effective (Fig. 5A). In constrast, [gG1 fixes
less complement and required ten-fold more antigen to trigger
complement fixation. 1zE exhibits negligible complement-fixa-
tion activity. Likewise, in the DINS3 family, IpGi2h fixes more
complement than does [gG1 and does so at a lower concentra-
tion of antigen (Fig. 5 #). The isotypes that fix complement most
effectively, [gG2a and 1g(G2h, also exhibit the highest degree
of segmental fexibility.

Twa families of immunoglobulin isotypes with identical anti-
gen-binding sites were constructed using somatic cell genetics
techniques. Nanosecond fluorescence polarization studies of
these monoclenal anti-dansyl isotypes have revealed striking
differences in their extents of segmental Aexibility. 1pG2b s the
most fAexible, [pG2a is less flexible, and I1gGl and IgE are
relatively rigid, The degree of molecular motion at the hinge in
times of nanoseconds is corrclated with the ability of these
molecules to fix complement. This correlation may be more
than fortuitous. Segmental fexibility may promote complement
fixation by enhancing multivalent binding, facilitating the trans-
mission of conformational changes from the Fab units to the
effector domain an the Fo unit, or enabling the Fo unit to assume
a conformation favourable for complement fxation. It will be
very interesting to further explore the relationship between
fexibility and effector function by engineering a series of
immunaglobulins in which the hinge is deleted, elongated, or
maodified to alter the rotational mobility of the Fab arms. For
example, it would be instructive to study a chimaeric immuno-
globulin containing an 1gG1 hinge and 1gG2b Cy2 and Cy3
domains. We predict that such an immunoglobulin would fix
complement less effectively than a normal IgG2h molecule.
Scgmental fexibility is likely to be one factor correlated with
complement fixation. The construction of immunoglobulin genes
with novel combinations of domains or with site-specific muta-
tions and their subsequent insertion into lymphoid cell lines
should lead to deeper insights into how immunoglobuling medi-
ate their distinctive functions. Methods for expressing designed
immunoglobulins have recently been developed™®".

Maonoclonal antibodies directed against tumour-specific anti-
gens are now being used fo treat certain malignancies™, It will
be important to learn whether the therapeutic effectiveness of
a tumour-specific antibody depends on its isotype as well as on
its antigen-binding properties, The capacity of such antibodies
to interact optimally with tumour-specific antigens on cell sur-
faces may be influenced by their segmental fexibility.

We thank Tammy Guion [or technical assistance and Drs
Verne Schumaker and Juan Yguerabide for discussions. This
research was supported by research grants from NIH (GM-
24032 to LS. and CA-04681, Al08917, and GM-17367 to
LA H.). Fellowship support was provided by NIH (GM-07276
to T.M. . and ALI-06144 10 V. T.0.), the Cystic Fibrosis Founda-
tion (to 1.1} and the California Division of the American Cancer
Society (J-22-82 to B.R.H.).

Reegived 22 Aupust nocepied 5 October 1983,

1. Maoelken, M. E.. Melson, O A, Buckley, O E. & Tanford, ©, F, bal Chere 240, 215-124
L1965,

. Walentine, B O & Green, M. M. 1 molec. Biol 27, 615-617 [1967)

L Femsiein, A & Fows, A ) Nafurs 205, 147-14%9 (1965),

. Marquar, M., Deisenhaler, 1., Hober, B & Palm, W, 1 malec. Biol. 141, 360-301 [1950)

. Amzel, Lo M. & Paljak, BJ A, e, Biochene 40, 961-967 [1974)

Silverton, E W, Mavia, M, AL & Davigs, Db Froc aoin, Acad S, LLE A T4, S180-5144
L1897 7]

T. Winerabide, )., Epstein, 1. Eo & Suryer, Lo L eesder, Bial, $1, 575-580 [1970).

&, Cathaw, B, E. Comprsk, fmameuee 8, 37=82 (1975).

)

1]

Fn'.n.l.-ur\.l

. Hlanson, D €, Yeoerabide, 1. & Schumaker, V. M. Siochemisry 20, 6842-6852 (1981).
L Cebra, 0 oeral Proc Bobert A, Welch Feandmtioe: XV Immanachem, Houstan, Texas
(ed, Millignn, W. 0L 67-96 (Weleh Foundatbon, 1975),
15, Dudich, E., Mezlm, . 5, & Fransk, F. FEDS Leir. 89, 89-92 (1578),
12, Caffina, P, Laskow, B, & Scharll, M. [x Seieece 167, 186188 (15700,
L3, Liesegang, B Radbouch, A, & Rajeasky, K. Proc matn, Aced, 5o, LU5A, 78, 29013803
11978)

R I L T —— s g T L M 1 N




e —— — |ETTERSTONATURE—

14, Darsgl, . Lo, Parks, Do B Q6 V. T & Herzenberg, LA, Crarpiry 20 305400 {1982).

15, Srrver, L. Science 162, 526-533 [[U68E),

1&, Reidler, Lot af. L meoler, Biod, TSE, T3040 (1%52).

17, CFarcell, it ., Goedmmn, H M. & O'Farrell, BoHL O 12, TE33-1142 (1957

I8, 4, V. T.. Brynn, Wo M. Blerzenberg Lo Ao & Herzesberg, Lo A. L oexp Med 151,
1260-1274 (LGS0,

19, Mickman. 5 & FEonfeld, 500 Tomen, 121, G995 [[97H]

1. Edelman, G, M. er al Prac neim Aced. Sei LS A, 63, TE-82 (19690,

21, Karaleld, B, & Kornfeld, 5. A, Bee Biocheen, 45, 2172227 (1076).

—LETTERSTONATURE

Large anisotropy in the Universe does
not prevent inflation

Marck Demianski®

Center for Relativity, Department of Physics,
The University of Texas at Austing Avstin, Texas TETLZ, LUISA

The inflationary model in which the Universe passes through
an exponentially expanding phase can explain 2 few cosmologi-
cal conundrums of the standard big-bang model. It is therefore
interesting to study the stability of this model. It has been
demonstrated that the inflationary scenario is stable with respect
to density, velocity and gravitational wave perturbations'™,
Here I show that the new inflationary model is compatible with
large initial anisotropy. The initial anisotropic energy density
could be many orders of magnitude larger than the initial
radiation energy density.

The standard hot big-hang model of the Universe is remark-
ably simple and provides an amazingly accurate description of
its evolution. There are, however, several observational facts
which remain unexplained in this model, for example, the pres-
ent high degree of sotropy of the microwave backaround radi-
ation, the large scale homogeneity, and near critical energy
density of the Universe.

The inflationary model of the carly evolution of the Uni-
verset® explains these facts without altering the basic predic-
tions of the big bang model. Guth® noticed that the first-order
phase transition predicted by grand unified theories {GUTs),
which occurs when temperature T is of the order of 10™* GeV,
could have profound cosmolegical consequences. The infla-
tionary scenario requires Hipgs field effective potential Vi)
to have a global minimum al zero temperature. This global
minimum 1% called the trug vacuum. The zero temperature
effective potential should also have a second metastable
extremum at ¢ =10 ithe false wacuum). Furthermore, one
assumes that there is a critical temperature .= 10" GeV above
which the [inite temperature efflective potential has a lower value
near the false vacuum than it has near the true vacuum. For
any small temperature T =0 the false vacuum is stabilized by
a barrier in the finite temperature effective potential. The haight
of this barrier is of the order of T and its width is of the order
of T,

If at the very carly stages of evolution the Universe contained
a hot region ( T = 10" GeV), which was isotropically expanding
fast enough to cool ta T, before gravitational effects could cause
it to collapse, then this region will cool to T, and supercool.
The constant Talse vacuum epnergy density determines then the
rate of expansion and this region expands exponentially. This
cxpansion can be described by the de Sitter metric with the false
vacuum energy density having the role of a cosmological con-
stant.

The Higes field fluctuates around the false vacuum. Some
fluctuations begin to grow and at some point become large
encugh to be described by a classical evolution equation. Al
the moment when evolution of Auctuations could be deseribed
by the classical equation the fuctuations should he small. If the

* Present addrcss: Depariment of Physes add Asrrenomy, Willams College, Willsamsiawn,
Mlassachuseirs (1267, LISA. Permanent address: Institute of Theoretical Flopsacs, Unaversany of
Wirsaw, Warsaw, Poland.
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fluctuations grow very slowly. allowing many e folding il
pass, this single fluctuation region could grow to beeome!
than the present Universe, Finally, having reached thel
part of the potential, the held rapidly rolls down and g8
about the true vacuum position. These oscillations are &
damped out through coupling to other fields and the o
energy is thermalized, The Universe reheats o tempss
Ta=T_=I0'"" GeV, The subsequent evolution follows e
dard model.

The inflationary scenario can explain several cosm
conundrums, namely the isotropy of the microwave backs
radiation {the horizon problem), the observed lags
homaogeneity, the near critical energy density, and smallzs
density of magnetic monopoles’. 1

It has been demonstrated that the inflationary scess
stable with respect to inhomaogeneous density, ‘-'C]Eh:l
gravitational wave perturbations’ 7. Hawking and Mas
gested that there is a cosmological “no haie® theorem &
de Sitter space s dynamically stable. Barrow and
pointed out that in the inflationary model proposed byl
large anisotropy prevents the de Sitter phase from oceom
now show that the new inflationary scenario can tolen
large homogeneous initial anisotropy,

Let us consider an anisotropic homogeneous Bianch®
universe [lled with radiation and constant false vacuums

density p.. The evolution of this model is described by
i BwGr L BRGoat
P (gt T —_—
R P (et e bR 5 7Y

and

oY = constant
where R ois related to the volume expansion params
ViV =3R/R p is the radiation energy density, ands

constant related to the initial anisotropy. Equation (1]
rewritten in the form

dr 172
Lo s2r14E)
dr Z

where
'J'—X.f:(@p‘_) II!J'
3
RNY p. \V2
(=) (o)
and

aeliel )
N(, PN ) ey Wy lﬂj

where Ry s a constant, and p(0) and p, (0] are the
cnergy densities of radiation and anisotropy. In this &
z” is related to the false vacuum energy density. 1 tothe g
energy density, and #/z to the anisotropic energy den
At the very early stage of expansion, when z 15 v
the anisotropic energy density determines the expansio
the Universe, so that 2z =237 We are interelg
situation when the anisotropic energy density determis
expansion rate of the Universe at an epoch when the U
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