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Abstract

Electron-microscopic (EM) analysis preceded crystallo-
graphic analysis [1, 2] of Igs by over a decade and was
for a time the only direct way of analyzing their 3-D
molecular structure. Once the X-ray structures were de-
duced, the role of EM gradually shifted from gross struc-
tural analysis to the addressing of more sophisticated
structural and functional questions. EM remains a vital
adjunct to the many physicochemical, biochemical, and
serological tools brought to bear on these remarkable
molecules as we try to relate form to function. In this re-
view | will highlight some of the many contributions that
have been made possible by virtue of being able to ‘see’
Ig molecules and immune complexes.

EM an Related Techniques

resulting in a thin film of stain which is allowed to dry. The
molecules displace the stain and thus appear light against
the darker background when viewed by transmission EM
(TEM) as shown in figure 1. Na silicotungstate, uranyl ace-
tate, and uranyl formate are the generally preferred negative
stains for viewing the Igs as these give the finest granulari-
ty and thus yield the greatest molecular resolution [3]. De-
tailed protocols using the uranyl formate are given by Roux
[4, 5].

Scanning transmission EM (STEM) is occasionally used
to image negatively stained Ig molecules. Though images
tend be of lower resolution, they can approach TEM in de-
tail [6] (fig. 2).

Although negative stain TEM on carbon membranes has
been the standard technique for the EM analysis of Igs, a va-
riety of other approaches have been used with variable suc-
cess. Uzgiris [7-9] successfully grew 2-D crystals of mono-
clonal Abs (mAb) by reacting IgG or IgE anti-DNP with
haptenated lipid monolayers. 2-D crystals have the potential
advantage of facilitating computational image averaging to
reveal a level of detail not obtainable by single particle anal-
ysis [10]. Unfortunately, these Ig crystals showed consider-
able local disorder, precluding such analysis. In another

Negative staining is the EM technique most widely astudy, thin sections of 3-D crystals of a cryoglobulin in com-
plied to the analysis of Ig structure. In its simplest form, taplex with serum albumin were stained to show the general
get molecules are allowed to adhere to thin carbon films atystal packing structure but little molecular detail [11].
tached to EM grids, then are flooded with an electron-denseln some-studies, Ig has been freeze-dried onto a sub-
stain. The bulk or the stain is removed by capillary acti®irate and unidirectionally or rotary shadowed with heavy
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Fig. 2. STEM of negatively stained complexds, B) and diagram
(C) of mouse IgG1 and rat antimouse 1IgG1 mAb. Bar = 25 nrA)n (
and 10 nm in B). From Lansdorp et al. [6]. With permission from
Wiley-VCH Verlag.

Cryo EM, the analysis of unstained particles suspended
in vitreous ice, has the advantage of eliminating the flatten-
ing effect of most other applicable EM techniges. Unfortu-
nately, proteins in this state are highly susceptible to elec-
tron beam damage. Also, without background stain, the
contrast between protein and water is very low so structures
can be difficult to identify [15]. Some of these disadvan-
tages can be overcome by analysis of paracrystaline arrays,
where computational averaging [16] can give remarkably
detailed reconstructions. Such reconstructions are frequent-
ly used in conjunction with X-ray crystallography-derived
atomic model. Several groups, for example, have imaged
Fig. 1. Negative stain TEM of a field of mAb Id reacting with mAbthe Fab arms of an mAb binding to the capsid proteins on
anti-ld to form complexes of various sizes. A= Monomer; B = mongcosahedral virus particles [17-20]. Remarkably, some of
valent dimer; C = divalent (ring) d'imers; D = chain trimer; E = rin ese studies show that one of these mAb binds not 0n|y
tetramer; F = extended chain multimer. Bar = 40 nm. From Roux [tllﬂrough the CDR but makes contact with the antigen in the
With permission from Academic Press. ) g

elbow region (fig. 3).

Atomic force microscopy (AFM) and scanning tunnel-

ing microscopy (STM) have been directed to the analysis of

Igs but do not generally provide the level of resolution of

negative stain TEM or STEM [21, 22]. In these assays, a
metal [12—14]. This approach gives the general shape of #eey small probe is moved over molecules attached to a sub-
molecule and, unlike most negative stain preparations, strate and the degree of displacement from the surface
lows one to measure the shadow cast by the molecule (M) or resistance to the passage of electrons (STM) is
unidirectional shadowing), to give some information on threeasured. Unless molecules are firmly affixed to the sub-
third (z) dimension of the molecules as they protrude abosteate, they are subject to distortion or destruction as the
the plane of the underlying support surface. For example,pebe is moved over their surface [22, 23]. Nevertheless,
to 70% of human IgG1 molecules were interpreted to belgG, dimeric IgA, and serum IgM have been successfully
a nonplanar ‘tripod’ configuration [13]. Because this teclimaged with these techniques [24, 25]. IgM, for example, is
nique is more cumbersome and demanding and frequersthen as a pentameric structure in which each pair of Fab
does not offer the level of resolution as the best negataens often appeared melded together as a broad paddle
stain techniques, it has not been widely applied (6g.4) whereas some individual arms can be visualized in
molecules as small as IgG. the IgG and IgA samples [25].
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Fig. 4. Cryo-AFM (atomic force micrographs) of murine IgM mAbs
attached to mica substrate showing planar subunit structure (bottom
row) as diagramed in figure 7A and molecules which appear to have

[ ] Lchain raised Fc disks (top row) as diagramed in figure 7E. From Zhang et al.

[ H chain [25]. With permission from Biophysical Society.
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failed to discern the Fc region in these early images. It was
not until the landmark EM work of Valentine and Green
[27] that an accurate picture of IgG emerged. Both uncom-
plexed 1gG and molecules crosslinked by bivalent haptens
were viewed, and reasonably precise molecular dimensions
noted. The arms of the uncomplexed IgGs were shown to be
variably flexible, ranging in configuration from ‘T’ (180 °)

Fig. 3. 3-D reconstruction of cryo TEM images of an IgG virus com: o e
plex. The upper panel shows the Fab fragments (blue) and Fab a‘%sY (near 0°). Similar angles were observed between

of intact IgG (red) attached to the surface of a human rhinovir@®na fide Fab arms of the variously sized and arrayed ring
(gray). The Fc arms are not visible in the reconstruction due to ra@tructures in immune complexes that formed upon the addi-

dom orientations in the original cryo EMs. Note differences in the dgon of bivalent hapten (fig. 5). The Fc regions were clearly

tails of the Fabs in each case (boxed area). The lower panel shO\g &n orotrudina from the cvclic complexes but were absent
molecular model of Fab superimposed on the cryo EM model of F % P 9 y b

and the axis of rotation and angular difference between the two i om pepsin-digested F(abinolecules. More recently, EM

ages as diagramed in figure 11A (angle c). Modified from Smith et §as been used to determine that the exceptionally long
[80]. With permission from National Academy of Sciences, USA. hinge of human IgG3 is a rod-like structure approximately

100 A in length [28-30].

IgM
Mammalian and cartilaginous fish serum IgM was char-
Revealing Basic Ilg Morphology acterized by EM as being primarily pentameric and radially
arrayed (fig. 6) [31-35]. In contrasKenopusigM was
lgG shown to be hexameric [32, 36] and bony fish IgM

The earliest attempts to characterize Ig suffered frot@trameric [37, 38]. For mammalian IgM, the Fab arms
low resolution. For example, IgG was envisioned as a cigarere observed to be separated by varying angles, a finding
shaped molecule with reactive sites at each end to accaat was cautiously interpreted to indicate either Fab-Fab
for bivalency. Feinstein and Rowe [26] were the first to sufjexibility or the 2-D projections of more rigid V' Fab pairs
gest a hinged structure based on EM. They perceived unriewed at various angles as they adhered to their carbon
acted IgG or IgG antibody (Ab) bound to monovalent antsupports. In fact, some IgM molecules show a five-arm
gen (Ag) to be 'V’ shaped. Upon crosslinking with bi- ofstarfish’ configuration as though the Fab ‘Vs’ were being
polyvalent Ag, a hinge was though to be ‘clicked open’ taiewed from the side, rather than the more typical 10 arm
expose complement-binding sites. They correctly deducsdow-flake’ form (fig. 7) [33, 39-41]. These observations
that the disulfide bond(s) were in the hinge region, but thbpve led to the suggestion that the ‘starfish’ morphology of
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Fig. 5. Negative stain TEM and interpretive
diagram of immune complexes composed o
polyclonal rabbit 1gG antibody crosslinked
with bivalent hapten. From Valentine and ; 1% 2 e
Green [27]. Magnificationx 330,000. With &
permission from American Society for Bio-
chemistry and Molecular Biology.

Fig. 7. Snowflake A, B), starfish C, D) and stapleE) models of
IgM. Modified from Poon et al. [40]. With permission from American
Society for Biochemistry and Molecular Biology.

scribed as being ‘staple’-like. Thus, the engaged IgM pen-
tamers appear as 10-legged spiders attached to the surface
Fig. 6. Negative stain TEMs and diagrams of pentameric (top rov%]c th_e fIageIIa. At some IgM-to-flagella ratios, fewer staple
and hexameric murine (bottom row) IgM. From Davis et al. [45E0ONfigurations are seen and most of the IgM Fab arms are
Magnification X 250,000. With permission from Wiley-VCH Verlag. radially extended to crosslink different flagella. Such prepa-
rations are less able to fix complement than the ‘staple’-rich
samples even though there is considerable IgM-antigen in-
teraction. Consequently, the bent nature of the subunits, sta-
IgM is the native form in solution and that the 10 armed rbiized by interaction with antigen, is presumed to expose
dial form is an artifact of the attachment to the carbon methe Clg-reactives sites onIleading to complement fixa-
brane during negative stain preparation [42]. This issuetien [42, 43]. Interestingly, an AFM analysis of IgM at-
likely to remain unresolved until unreacted IgM can beched to mica shows a majority of the IgM molecules as
viewed by cryo EM suspended in vitreous ice. having a raised central disk [25] (fig. 4). These IgM appear
A related issue has to do with the profound conformé& represent molecules in the staple configuration even
tional change in IgM as it adheres to some antigenic sthieugh they were nonspecifically attached to antigen-free
faces. As most dramatically demonstrated by Feinstein etalbstrate.
[33], the Fab arms and the N-terminal portion of the Fc bend Not all mammalian IgM is pentameric. One of the earli-
away from the plane of the Fc disc of the molecule to attaest EM studies [32], for example, noted that some IgM hex-
at a near right angle to the antigen surface, in their exampleers were present in a mouse myeloma protein (fig. 6).
bacterial flagella (fig. 8). This configuration is generally deMore recently, at least half of the IgM secreted by a trans-
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Fig. 8. Negative stain TEM of bacterial flagella with attached IgM.
From Feinstein et al. [33]. Bar = 25 nm. With permission from New
York Academy of Sciences.

Fig. 10. Negative stain TEMA, B) and interpretive diagram of
NAR showing the absence of light chains, a pair of single V domain
Fabs on a flexible hinge, and an extra long Fc in the strafghor
crooked B) configuration. From Roux et al. [47]. Magnification
Fig. 9. Negative stain TEM of human IgA dimers [Roux, unpubl. fig-x 280,000. With permission from National Academy of Sciences,
ures]. Magnificationx 550,000. USA.

fected cell line in the absence of J chain were shown toibe[33] (fig. 9). Dimeric forms of IgA were shown to be
hexameric [44]. In a genetically engineered version @ined at or near the distal (C-terminal) ends of the Fc tails,
murine IgM, the mutation of one of the three cysteins (f@ositioning the two sets of Fab arms (as identified by their
serine; Cys>Ser) that are involved in interchain disulfidereaction with visualizable antigen (ferritin)) at opposite
bond linkage resulted in a failure to incorporate J chain cosnds of the molecule. IgA dimers and larger polymers were
comitant with hexamer formation [45]. Significantly, theshown to be attached to each other with some degree of
hexamer fractions, as verified by EM, showed a 20-folriability in the angle formed at the Fc-Fc junction, and
greater ability to fix complement. Mutation of CyslgA multimers, to be radially arrayed [46]. Because of its
414-Ser yielded pentamers and smaller forms withoutsinall size, any associated SC could not be identified.
chain, and Cys 337Ser yielded a wild-type mix of J chain-

containing pentamers and J chainless hexamers in whichNAR

the IgM subunits were not covalently associated [41]. In ad- The morphology of one of the strangest Ig molecules yet
dition to the number of subunits present, differences in tdescribed has recently been documented by EM [47]. Se-
nature of the Fc disk were also noted in EM images. The §agence analysis has shown that NAR (sheak ornurse
disks of the Cys Ser414 and CysSer337 mutants were sharkantigenreceptor) is composed of a pair of exception-
more open and disordered, implying they were only covaHly large heavy chains consisting of a V and five C do-
lently associated by the Cys 575 of the C-terminal tail of teains. Remarkably, there are no associated light chains.

u chain. EM analysis shows a molecule with rudimentary Fab arms
each of which consists of a single unpaired VH domain at-
IgA tached to an extra long Fc arm by a flexible hinge (fig. 10).

Another Ig molecule subjected to early EM analysis isterestingly, an additional flexible segment appears to en-
IgA. IgA from several species were shown to display a widempass the lower (C-terminal) 2/5 of the Fc arm, the sig-
variety of Fab-Fab angles, suggesting considerable flexihilificance of which is unknown.
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Fig. 12. Negative stain TEMs and interpretive diagrams of rabbit al-

B c f }\ lotype-bearing IgG in complex with Fab anti-allotype mAb showing
A lateral orientation of the epito d rati | flexibili f the Fab
_< >_ pitopes and rational flexibility of the Fa
Y Y arms. From Roux [53]. Magnificatiox 375,000. With permission
by/! d e / from Wiley-VCH Verlag.

YY=] == Ay = b

eral surface of the Fab arms (fig. 12) [52, 53]. For un-

Fig. 11. The modes of Ig flexibilityA) and the relationship betweencrOSSIInked complexes, i.e. those in which the complex is

Id-anti-1d complexes of defined geometB)(The different modes of pom_po_sed of a si_ngle IgG_m(_)IecuIe in which each Fab arm
flexibility shown in (&) include (a) rotation about the long axis; (b)JiS binding to an isolated indicator molecule, nearly unre-

hinge-like folding or wagging; (c) elbow bending; (d) translation (instrained rotational flexibility was indicated for rabbit 19G
and-out motion); (e) conical wagging; (f) Fab-Fc planar folding, anglhd mouse IgG1 [49, 53]. Because these are the more flexi-

(g) Fc rotationB Progression of immune complex types from unr . . .
acted molecules to larger forms and the relationship between Iir?g? of the Ig types, it remains to be seen how the various

and cyclic forms. Monomers (a), monovalent dimers (b), divaleRENer classes and subclasses behave in similar assays. Irre-
‘ring’ dimers (c), trimers (d), linear tetramers (e), and ring tetramegpective of the relative time each molecule spends in each
() are shown. From Roux et al. [30]. With permission from Americagrientation, certainly these molecules can adopt various ro-
Association of Immunologists. tational orientations to effect antigen crosslinking. Analysis
of murine 1gG1 and IgG2a engaged in crosslinking of
haemaglutinin into chains and rings similarly showed that

Ig Flexibility the Fab arms could rotate at least 180° [50, 51]. The as-

A number of physicochemical studies have shown tlseimption in these assays is that, as the complexes adhere to
classes and subclasses Ig molecules to vary considerablthecarbon membrane support, they rotate to maximize their
flexibility [48]. Whereas these data define the rate of moveentact with the membrane. Analysis of crosslinked im-
ment of reporter haptens in the complementarity determimune complexes by cryo EM where substrate interactions
ing region (CDR) (for example), they do not generallgre minimal will be necessary to determine the degree to
reveal the modes of flexibility. Figure 11 illustrates the vavhich the Fab arms are free to engage in unrestrained full
riety of motions that can be potentially facilitated by theotational motion in solution.
hinge and elbow (switch) regions of the molecule. Several EM support of flexibility at the VH/VL-CH1/CL elbow
studies have focused on rotational flexibility. Because tégion has also been reported [49, 51]. Comparisons were
the pseudo twofold axis of symmetry of Fab arms, visuadade between uncrosslinked (unconstrained) and cross-
asymmetry was attained by reaction of monoclonal Igiidked (cyclic and thus constrained) complexes. Different
with an asymmetric antigen [49-51] or by reacton of Ig@ngles were formed between the Fab and antigen surface in
with Fab directed to an allelic marker (allotype) on the lagach case, leading to the interpretation that, in order to form
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Mapping Determinant on Ig Molecules

In the early 1980s, we were interested in a peculiarity of
rabbit immunogenetics known as latent allotypes. The allo-
types that interested us are genetic markers expressed on
the framework region of the VH domain and are inherited
codominantly. Remarkably, injection of rabbits with Abs
directed against an allotypic marker that wasinherited
by the rabbit lead to the production of what appeared sero-
logically to be 1gG expressing targeted allotypic marker,
i.e. a latent allotype had been induced. At about the same
time, 1d anti-Id networks were being extensively studied by
many labs. Because anti-ld Abs are induced in exactly the

Fig. 13. Negative stain TEM and interpretive diagram of mAb insame manner as latent allotypes, i.e. by injection of specif-

complex with haemagglutinin showing bent Fab arms. Modified froMy Ab,. such reagents would be e_xpecte(_j to behave ide_nti‘
Wrigley et al. [49]. Magnificatiorx 250,000. With permission from cally in serological assays. The imperative for our studies

Academic Press. was to be able to distinguish between these alternatives.
We reasoned that the Ids, being CDR-dependent, should be
at the distal ends of the Fab arms, whereas the framework

a cyclic complex, the Fab arms must bend into a strainesgjion encoded allotypic markers should be laterally ori-

angle to engage in binding. The individual V and C domaiesnted. We first tested the premise by reacting rabbit IgG

are assumed to be rigid bodies, and the upper hinges ofilith bona fide anti-allotype Ab and anti-Id Ab. Both whole
two Fab arms are tethered by the N-terminal interchain Hi8iG Ab and Fab Ab probes were tested, the latter making it
disulfide bond, leaving only bending at the elbow region &asier to distinguish probe from target [52]. As expected,
accommodate the geometric constraints of cyclic crosslirtke anti-ld bound to the tips of the Fab arms, and the anti-
ing. Indeed, some of the electron micrographs appearaitotype Ab to the sides (fig. 12). When we similarly as-
show just such bending in the elbow region [49] (fig. 13kayed rabbits immunized with purified anti-allotype Ab,
These observations are supported by crystallographic diie resulting IgG was shown to be primarily induced latent
in which Fab can assume different elbow-region anglesafiotype-bearing IgG [56]. Remarkably, rabbit VH allo-
different crystal forms [54, 55]. Also, by cryo EM, a 16-18type-like epitopes could also be induced and visualized in
angular difference was observed between unrestrained Raibe and guinea pigs by anti-allotype Ab immunization,
and Fc-constrained divalently bound Fab arms of an intatiggesting that these are evolutionarily conserved epitopes
monoclonal antiviral capsid Ab bound to the surface of[&7, 58]. Such a heretical interpretation would not have
virus [18]; i.e. the elbow region must flex to permit divalerfteen conceived if it had not been for direct EM verifica-
binding of 1gG to the viral surface (fig. 3). A similar cryction. Using the same approach, we subsequently showed

EM analysis of a different mAb-virus combination showthat some rabbit VH allotypes were quite complex and

the cognate Fab to be projecting essentially radial to tbemposed of multiple sites on different parts of the VH do-

virus [19]. The significance of this orientation is that, demain [53] as had been predicted by amino acid sequence

spite potential flexibility of both the hinge and elbow reanalysis [59].

gions, the mAb binds monovalently, being unable to form The demonstration that one could visualize the interac-

parallel Fab attachments to neighboring epitopes with bditbn of multiple probes with a single target Ig molecule laid

arms on the same surface. The Ab could crosslink two difie foundation for more extensive epitope mapping of mul-
ferent virus particles but not bind divalently to one. Thiple Ids. In our most comprehensive study, we mapped four
amount of dynamic flexibility afforded to the typical Fab byds and an isotypic determinant [60] on the Fab of a well-
elbow region flexibility remains an open question. Certaicharacterized anticarbohydrate mAb [61]. Fab probes of
ly, it does not approach that of the hinge region because @ach mAb probe were scored, in turn, for angle of interac-
tually all X-ray and EM analyses of the crystalline otion, proximal-distal site of interaction, and the rotational

paracrystalline Ig of Fab binding to antigen show all fowsrientation of both the target Fab arm and the Fab probe.
domains of Fab at high resolution (implying structuralhe position of each Id relative to the other was determined
rigidity) but, because of intramolecular motion, rarely sholwy reaction of the target Id-bearing IgG with pairs of

Fc. probes, one in the form of Fab and the other as intact IgG

Electron Microscopy of Immunoglobulins Int Arch Allergy Immunol 1999;120:85-99 91



Role of Geometry in the Formation of Immune Complexes

Most of the effector functions of Abs involve the
crosslinking of receptors and/or ligands. Murphy et al. [62]
showed that three different monoclonal anti-BSA Abs gen-
erated different types of immune complex arrays under oth-
erwise identical conditions as assessed by EM and light
scattering. Differences in the geometry of the elements in
such complexes are likely to be an important determining
factor in Ab effectiveness. The topological mapping of the
reactive sites on the surface of an IgG molecule in our Id-
anti-id system presented a unique opportunity to investigate
the role that the spatial orientation of the reactive site (in
this case idiotopes and the CL isotope) plays in the forma-
tion of small immune complexes. Thermodynamic consid-
erations dictate that for any set of divalent reactant (e.g. IgG
Id and anti-Id) the smallest complex in which all of the re-
active sites are satisfied will be favored. For sets of mutual-
ly reactive 1gGs, this would be a ring dimer. The degree to
which such a complex is inhibited by steric constraints will
determine the degree to which the next larger ring form
(ring tetramer) will be favored. The interrelationship be-
tween immune complexes of various compositions is shown
in (fig. 1B). In a temporal sense, the flow of complex for-
mation is from left to right as diagramed until an equi-
librium is reached. By mixing equimolar amounts of reac-
tants of our Ig molecules sampling over time, and scoring

Fig. 14. Negative stain TEMs and 3-D model of Id-bearing mAb Igéhe geometric forms of the complexes Observ,ed’ W_e W?re
probed with mAb anti-ld Fabs (top row) and Fab plus whole Ig@Ple not only to compare the effect of Abs reacting with dif-
molecules (second row). Open figures in diagrams represent Id B@rent sites on the target IgG but to document the presence
bearing 19G. Solid figures represent anti-Id Fab or IgG designatedpf transitional forms of immune complexes [63]. The results

ZHSa‘ and Xd ﬁ“t;'l‘:jagg"’(‘ itS_OtSfpg f'_“Ab ‘)"ZSig_“?tedﬂf- The boFtomt “ié’how that there is an initial peak of single arm (monovalent)
shows a model o stippled figure) depicting the approximate lo- . . .
cations and 3-D arrangement of the epitopes recognized by the anﬁjlt(?racnons that progress to a predominance of ring forms.

and anti-isotype probes. Each depicted plane passes throughstﬁgc_m(_j’ the daFa provide direct e\_/iden_ce confirming the
broadest aspect of the Fab probe. From Roux et al. [60]. Magnifig@tediction that distally located reactive sites tend not to re-

tion x 310,000. With permission from National Academy of Sciencesult in ring dimer formation probably because it is physical-

USA. ly difficult for the arms of the reactants to form the parallel
orientation necessary for docking of both sets of arms. Con-
versely, the more lateral epitopes favor ring dimer forma-
tion. Several other EM-based studies have also focused at-
tention on the role of epitope location in the formation of

(fig. 14). Even though negative stain EM is essentiallyimmmune complexes [29, 62, 64].

2-D format, by analyzing the geometry of each combina-

tion, we were able to generate a 3-D map of the Ids and theRole of Hinge Flexibility in the Formation of

anti-kappa chain isotope (fig. 14). One of the more interest- Immune Complexes

ing bits of information from this study was that, in contrast As stated above, the size and type of immune complex-

to the prevailing view, some idiotopes project laterally froms depend not only on the position of the reactive sites, but

the Fab and can be some distance from the traditional loalso on the flexibility of the molecules involved. For Igs,

tion of the CDR. Also, some of these distant idiotopes dtee hinge region provides most of the flexibility. A number

inhibitable by antigen, suggesting the possibility of antigeof physicochemical methods have been used in an attempt

induced structural changes in Fab. to quantify Ig flexibility, but most suffer from giving a val-
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ue derived from average motion [48]. Though they are usgG3>>1gG1>>1gG2=I1gG4. The difference is pre-
ful for comparative purposes, it is difficult to extract mearsumed to reflect differences in topological locations of the
ingful information with regard to specific modes of flexitwo idiotopes and perhaps relative affinities.
bility. To address this issue Phillips, Schumaker, and To dissect further the role of the upper, middle, and low-
colleagues [29, 64] undertook a comparative investigatien hinge regions, we examined genetically engineered ver-
of the ability of mouse and human IgG subclasses to fosions of human 1gG3 in which the native hinge had been
specific types of immune complexes as assessed by EMmladified [67]. Native IgG3 has a long (10 aa) upper hinge,
their system genetically engineered sets of Ig moleculas exceptionally long (50 aa) middle hinge and an average
possessing identical hapten-binding CDRs were reac{@daa) lower hinge). The results of both unrestrained Fab-
with bivalent hapten. For the murine 1gG1, IgG2a, arfeab EM flexibility assay and the immune complex ring
IgG2b subclasses, most of the molecules were observeditoerization assay confirm that the upper hinge length (and
form ring dimers. The ring dimers were of two types, amot the sequence) rather than the middle or lower hinge
open hinge dimer where the Fab arms of the mAbs weéeagth is correlative with flexibility.
splayed apart and a closed dimer where the Fab arms weréluman IgA2, which has virtually no upper hinge, is con-
near parallel. Because of steric considerations, the latsetent with the IgG pattern in that it displays low hinge-fold
configuration could only form if the hinge was of sufficienflexibility. As a probable result, this form of IgA is essen-
length and flexibility. They found that only the more flexitially unable to form ring dimers and even ring tetramers
ble murine 1IgG2b subclass was permissive enough for gemay be somewhat inhibited [67] (table 1).
eration of a significant percentage of closed hinge com- Perhaps the most surprising results from our EM study
plexes. A similar pattern was observed when comparingedated to the hinge fold flexibility and Id-anti-ld complex
CDR-matched set of human IgG molecules where the raiokmation behavior of hingeless Ig molecules. One of the
order of closed (sterically strained) hinges was IgG3first Ig molecules crystallized was protein Dob, a hingeless
IgG1> IgG4> IgG2 [29]. These data are consistent withgG in which the light chains, but not the heavy chains, are
the rank order of flexibility obtained by florescence depalisulfide bonded to each other [2]. This molecule formed a
larization and are correlated with the length of the hingempact ‘T’-shaped structure and has been assumed to be
[65], leading to the conclusion that the length of the uppeuite inflexible [2, 68, 69]. However, when we analyzed an
hinge has the greatest influence on Fab-Fab flexibility [6Fl-bearing construct having the same structural features as
66]. Dob, it displayed average hinge-fold flexibility and, re-
We have also analyzed a matched set of recombinant markably, an ability to form ring dimers second only to that
man IgG molecules with matched CDRs, but rather than of-1gG3 (table 1).
duce crosslinking by bivalent hapten, we reacted each subigM and IgE are naturally hingeless having instead an
class with each of two IgG anti-ld mAbs. By reacting thadditional C domain in its place. Various evidence has
IgGs with Fab probes, we were able to distinguish Fab fr@hown these molecules to be rather inflexible presumably
Fc arms in the target molecule and take measurementgoofthis reason. Indeed IgE was found by our analysis to be
the hinge-wag component of flexibility, figure 11A, angle about as able to wag its Fab arms as IgG2. Monomeric IgM
With these data we were able determine the average Fabamthe other hand was shown to be able to wag its arms
gle for each IgG subclass (IgG3, 136°; IgG4, 128°; IgG/ore than any of other Ig molecule, even IgG3. IgM was far
127°; 1gG1, 117°) (table 1). A comparison of the standardore able to form ring dimers than IgG3, at least partly be-
deviation about the average angle was used as a quantitatauese the average Fab-Fab angle of IgM is closer to that
measure of relative hinge-wag flexibility (Ig&3gG1> necessary for ring dimer formation (table 1).
IgG4>1gG2). When equimolar amounts of anti-ld and Few of these observations on hingeless molecules are
mAb Id-bearing IgG were mixed, the kinetics of the formasredicted by the extensive physicochemical analyses, yet
tion of the various geometric forms of immune complethey can be reconciled on the basis of the different param-
could be monitored in a functional assay [63]. For thes¢ers being measured. For example, analysis of a model of
reactions, ring dimers were again the energetically make Dob-like protein shows that its arms can potentially be
favored complexes unless inhibited by restrictions aotated and unfolded to produce an open molecule with no
hinge flexibility, whereupon ring tetramers or larger ringsbvious steric impediments to Fab arm flexibility [67].
were formed (fig. 1). Of the two anti-lds tested, one gaWith regard to the naturally hingeless IgM and IgE, their
a rank order for dimer formation (i.e. more flexibility) ofreputation as being rather inflexible comes primarily from
IgG3>>1gG1>1gG4>1gG2, and the other anti-Id probe the rate of Fab arm spatial movement. EM, as applied in
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Table 1. Comparison of Ig flexibility

Ig type lgGl 1gG2 [1gG3 1gG4 17-15-15 17-15 15-15-15 15 HM4 HM5 IgA2 IgM IgE
Upper hinge length (aa) 10 3 12 705}y 12 12 4 4 3 0 1 NA NA

% ringe dimer 18 4 47 5 56 41 3 7 25 26 0.6 75 26
Mean Fab-Fab angle 117° 127° 136° 128° 132° 133° 123° 119° 125° 106° 111° 106° 141°

Hinge fold flex. funct, +43° +32° +53° +39° +48° +51° +42° +40° +33° +£39° +34° +56° +34°
Fab-Fab

a  From Roux and co-worker [30, 67].

b The upper hinge of IgG1 is disulfide-bonded to the light chain at the forth position leaving five aa between the cysheinuiddidt
binge.

¢ The two C-terminal aa of IgG4 are proline as is the single upper hinge aa of IgA2.

d  The standard deviation of the mean values is taken as a measure of the degree of flexibility (hinge fold flexibility dinoctidhg
mean angle.

these studies, not only gives an average angle but samples
the entire range of values. Therefore, IgM and IgE with
their extra domain may move more slowly than the IgGs
but may nevertheless move over as great a distance and
more readily make the closed angles necessary for rjng
dimer formation.

EM as an Interpretive Device

Reduced Hinge Disulfide Bonds
EM is unexcelled as a quick and direct method for un-

ambiguously defining the size, shape, degree of merism| or Cy3 Cyd
degree and mode of crosslinking in a preparation. For ex- 2 l cH2
ample, Seegan et al. [3], compared cyclic immune com-

plexes of native with mildly reduced and alkylated rabhit T B

IgG in complex with bifunctional hapten. By direct exami
nation, they determined that the loss of hinge disulfide

bonds caused the Fc to splay open in the CH2 region bu{re-
main associated through the C-terminal half of CH3, pro-

viding a structural basis for the observation that the InteqEi'g. 15. Negative stain TEMs and interpretive diagrams of trimeric

ty of the CH2 region was is critical for complement C1q angimune complexes composed of native (upper row) or reduced and

FcR binding (fig. 15). alkylated rabbit IgG (lower row) crosslinked with bivalent hapten.
Note the splayed open Fc in the latter. From Seegan et al. [3]. Magni-
Increase Avidity fication X 320,000. With permission from National Academy of Sci-

Lansdorp et al. [6] demonstrated that IgG avidity coufd"*®> USA.

be increased if the molecules were rendered functionally

tetrameric. They did so by reacting the mAb with anti-Fc

mAD IgG to form cyclic tetrameric complexes (fig. 2). Simanalysis as though the molecule had dimerized. The mutant
ilarly, EM was used to determine the structural basis behialdo contained an unusually large light chain composed of a
a natural high avidity mutant of a potentially useful antconstant region and two tandem VL domains. EM analysis
streptococcus IgG mAb [70]. The high avidity fraction wasevealed that the basis for the avidity increase was inter-
about twice as large as native IgG as assessed by HRh@ecular crosslinking through pairing of the extra VL do-
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the trimers did not appear to be planar but instead formed
1 2 3 4 5 tripod-like complexes. Measurements of the arm lengths of
both forms suggest some degree of flexibility in the scFv
subunits, an advantage when they bind to surface antigen of
indeterminate orientation, for example.

Natural 1d-Anti-ld Complexes

EM was also instrumental in characterizing the nature of
a ‘contaminant’ that had been a significant concern to the
commercial producers of intravenous gammaglobulin
(IVIG). IgG pooled form numerous donors contains what
appeared to be dimer-sized aggregates of IgG. The propor-

d e f g h tion of this dimer increased with increased pool size.

0(%?0 Among the explanations for the dimer were both aggregates
of denatured molecules and immune complexes composed
of anti-allotype, rheumatoid factor, cryoglobulin, and anti-

Id Ab. Through EM analysis of the dimer fraction, we and
others demonstrated that the dimers were Id anti-ld com-
)Elexes (i.e. CDR-conjugated ring dimers were observed)

Fig. 16. Negative stain TEMs and diagrams of 1gG in which an ex- . .
tra VL domain protrudes from each Fab arm. The extra VL domaihé2: 73]- We theorized that, the larger the pool size, the

can be seen freely protruding from the Fab arms (al-5 and gyeater the chance that any given molecule would find a
crosslinked with adjacent Fab arms (b1-5, cl1, c2, f), or crosslinkgtblecule that by chance had a complementary CDR. This
with another molecule (c3-5, g). Bar = 50 nm. From Roux et al. [7{lypothesis suggests that there is a functionally finite num-
With permission from Elsevier Science. ber of Ids and anti-Ids in a given species but that any one in-
dividual posses only a small fraction of this total [73].
Pooled bovine and murine IgG similarly dimerized. Al-
though many of the idiotopes were visualized near the tips
mains which formed a dimeric ring (fig. 16). Surprisinglypf the molecules, a significant number were somewhat tan-
the extra VL domains protruding from the CDR do not irgentially oriented and not unlike those seen in the 3-D Id
terfere with antigen binding. We showed that the Fab arrm&p previously discussed [60]. Another interesting finding
of some monomeric forms of this molecule auto crosslinkeds that the most flexible subclass (IgG3) was overrepre-
by paired protruding VH domains and that others had usented in the dimer fraction and one of the least flexible
paired VL domains protruding from the CDR (attesting tlgG2) was underrepresented. In fact, 1IgG2 purified from
the degree of detail that can be visualized by this tedhese preparations could not self-dimerize. However, when

nique). IgG2 was subjected to mild reduction and alkylation that
disrupted the inter H-H disulfide bonds and thus increased
Engineered Igs flexibility, IgG2 could contribute proportionally to the ring

One of the consequences of being able to genetically dimer fraction and self-dimerize. This observation agreed
gineer mAD is the ability to jettison all unnecessary partswifth our finding that IgG2 was least able to form ring
the molecule. Smaller molecules have better penetratitighers as discussed above [30].
abilities in tissues and are therefore potentially better thera-
peutic or diagnostic reagents. The resultant scFv molecules Triggering Cells by Receptor Crosslinking
however, suffer from lower avidity than native Ig because Through the use of soluble forms of monomeric IgM, an-
of monovalency. As a result, dimeric and trimeric forms difisotype reagents directed to the Fc portion have been
scFv (diabodies and triabodies) have been creatsdown to be good B-cell-triggering agents and have been
Lawrence et al. [71] have recently analyzed the structsleown by EM to crosslink IgM molecules readily (fig. 17).
and geometry of several of these particles by reacting thémcontrast, anti-isotype reagents directed against the CH1
with Fab anti-ld before EM analysis. They observed thaf IgM Fab do not signal B cells and are seen to crosslink
each of the subunits was capable of being tagged by the Rab arms of the same molecule preferentially to each other
ti-ld Fab and presumably of antigen binding. Interestingliput not to bridge to other molecules [74].
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Fig. 17. Negative stain TEMs and interpretive diagrams of monomer-

ic murine IgM in complex with F(aky)mAb anti-Gi4 showing inter-

molecular crc_)sslinkin_g. _From Rudich et al. [74]'_ Magnificatior]:ig_ 18. Negative stain TEMs and interpretive diagrams of anti-

X 300,000. With permission from The Rockefeller University. haemagglutinin mAb bound to haemagglutinin on the surface of lipo-
somes. Bar = 50 nm. From Wharton et al. [75]. With permission from
Oxford University Press.

Immune Complexes on Lipid Bilayers

Most EM studies of Igs have been directed either at yn-
reacted soluble Ig molecules or at small soluble immupe
complexes. An exception is the complexes composed| of
pentameric IgM and bacterial flagella discussed above [33].
Wharton et al. [75] have demonstrated the feasibility pf
direct observations on cell surfaces or lipid bilayers by
analyzing small antigen (influenza hemaglutinin, HA)-stud-
ded liposomes in complex with mAb. Though their primary
interest was in epitope mapping of HA, crosslinking mAb |s
clearly observed to be binding to the antigen on the surface
of the liposomes in their EMs (fig. 18).

Fc-Fc Interactions
EM analysis has also been employed in the analysis| of
Fc-Fc interactions. Moller and Christiansen [76] reacted
substrate-bound KLH-anti-KLH immune complexes with
soluble ferritin-antiferritin complexes and observed coag-
gregation. Because F(apantiferritin complexes did not
coaggregate with intact KLH-anti-KLH aggregates, it wakig. 19. Negative stain TEMs and schematic diagram of C1q bind-
assumed that the aggregating force was via Fc-Fc interiag-above and below the central Fc disk of soluble IgM (uncomplexed
tion. In these negative stain preparations, individual }gjth antigen) in Iow.iorllic strength buffer. Frgm Ppon et aI..[40]. Bar
. =40 nm. With permission from Journal of Biological Chemistry.
molecules were not discernable because of excessive
crowding, but the coaggregated KLH (large cylinders) and
ferritin (electron-dense core surrounded by a protein shell)

were obvious. ment fixation in contrast to complement-fixing fractions
which contain larger rings forms. For IgM, a single Ag-en-
Complement Fixation gaged molecule reacting with one C1qg molecule is sufficient

One of the most important functions of humoral immunfer activation. The serologic and biochemical details of this
ty is the initiation of the complement cascade by Ig. The eanteraction have been extensively studied, but attempts to
ly work of Hyslop et al. [77], using a model system in whichapture C1q in the act of binding to antigen-bound IgM by
cyclic immune complexes are induced by bivalent hapteglv have been unproductive. Negative stain EM has, howev-
showed that fractions rich in ring dimers are poor at compler; provided some important clues. Poon et al. [40] have tak-
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en advantage of the fact that soluble IgM and C1q will forable to visualize these molecules in the act of fixing C1q un-
moderately stable complexes in buffers of low ionic strengttier physiological conditions. Cryo EM could also be used to
By stabilizing these complexes through chemical crosslingapture Ig molecules suspended in solution free of any poten-
ing, they were able to visualize the globular heads of Ciiglly distorting substrate interactions to better define their na-
binding to and protruding from one and in some cases batre conformational state. We could then determine whether
planar surfaces of the IgM molecule (fig. 19). The physiologgM is in the starfish or snowflake configuration, whether IgE
ical significance of these observations is open to question has a fixed or flexible hooked Fc [79], the solution conforma-
cause both a low salt concentration and a crosslinking agewon of the other Igs, and the degree to which Ig arms are rota-
were used and the IgM molecule was not antigen boutidnally flexible. A structural basis for the differences between
Nevertheless, if, as suggested by the authors, this type ofvinds-neutralizing and nonneutralizing Ab might also be es-
teraction represents an enhanced and stabilized version otéfished. Negative stain EM could be applied to the analysis
physiological process, then it calls into question the widebf Ig bound to recombinant soluble forms of Fc receptor to
held assumption that steric changes in the molecule are ristter define their modes of interaction. The locations of the J

essary for exposure of the C1q binding site [78]. chain and secretory component have yet to be structurally
mapped on IgA and IgM, and we know little of the subunit or-
Some Unanswered Questions ganization of the higher polymeric forms of IgA. One of the

Perhaps future cryo EM coupled with computer-assistgdeatest challenges will be the development of methods for
image analyses of Clq binding to antigen-bound IgM wilnaging Igs, receptors, and immune complexes on the sur-
shed light on sites of segmental flexure in IgM and, for thigices of cells and lipid vesicles at the level of detail currently
matter, IgG as the molecules bind to antigen, and we mayditained with molecules attached to rigid planar substrates.
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