
The Roles of yl Heavy Chain Membrane in the presence of interleukin 4 (IL-4) ( 6 ) ,  
they switched to IgGl expression with 

Expression and Cytoplasmic Tail in lgGl equal efficiency as the wild type. This was 

Responses determined by intracellular staining of the 
activated cells after fixation and incubation 

Tsuneyasu Kaisho,*t Frieder Schwenk, Klaus Rajewsky with antibodies to IgGl (Fig. 2A). Cells 
from the same cultures were also stained for 
IgGl surface expression (Fig. 2B). No stain- 

In antibody responses, B cells switch from the expression of immunoglobulin (lg) p and ing was observed in the case of the IgGIAm 
6 heavy (H) chains to that of other lg classes (a, y, or E), each with a distinct effector mutant, as expected. In the case of 
function. Membrane-bound forms of a ,  y, and E, but not p and 6, have highly conserved IgGIAmi', surface IgG1-positive cells were 
cytoplasmic tails. Mutant mice unable to express membrane y l  H chains or producing seen at the expected frequency. However, 
tailless y l  H chains failed to generate efficient lgGl responses and IgGl memory. the average staining intensity was roughly 
H chain membrane expression after class switching is thus required for these functions, threefold less than that of wild-type cells, 
and class switching equips the B cell antigen receptor with a regulatory cytoplasmic tail for reasons that remain to be explored. 
that naiLe B cells lack. Marked differences were seen between 

T h e  B cell antigen receptor (BCR) initial- 
ly expressed on B lymphocytes consists of 
membrane Ig (mIg) made up of p heavy 
(H) chains plus light chains, associated 
with the Ig-a-Ig-P heterodimer (1). Be- 
cause p H chains have a cytoplasmic tail of 
only three residues, signaling through the 
BCR depends on the cytoplasmic tails of 
Ig-a and Ig-P. On stimulation with antigen, 
B cells often undergo isotype switching (2) 
leading to the expression of H chains of 
other classes. These other H chains are not 
only present in secreted antibodies but can 
also be expressed as a component of the 
BCR on the cell surface. Indeed, memory B 
cells, produced in T cell-dependent anti- 
body responses, classically express BCRs 
that contain H chains of classes other than 
p or 6. The membrane forms of y, E, and cw 
H chains differ conspicuously from those of 
p and 6 in that they possess cytoplasmic 
tails of 28 (y, E) and 14 ( a )  amino acids, 
which are highly conserved in evolution 
(1). This raises the possibility that the 
BCRs exmessed on na'ive and memorv B 
cells exhibit distinct signaling properties. 

Memory B cells generated in response to 
protein antigens typically express y 1 chains 
on the cell surface. We generated two types 
of mouse mutants: one unable to express y 1 
chains on the membrane (IgGIAm) and the 
other able to express mIgGl but lacking the 
y l  cytoplasmic tail (IgGIAfail). The gener- 
ation of the IgGIAm and IgGIAmil muta- 
tions by gene targeting is depicted in Fig. 1. 
A single vector was used to target the y l  
locus of embryonic stem (ES) cells bearing 
the IgHa allele (3). The IgGlACai' mutation 
was generated by Cre recombinase-medi- 
ated deletion of the neomycin resistance 

(near) gene from the targeted locus (4). The 
IgGIAfail mutation leads to the production 
of y 1 chains with a truncated cytoplasmic 
tail of three amino acids, identical to that of 
p chains. The IgGlACai' mutation was trans- 
mitted into the mouse germ line, and the 
IgGIAm mutation was derived from it by a 
second step of Cre-mediated deletion in 
vivo, using the dekter strain (5). 

The effects of the two mutations on B 
cell development and function were as- 
sessed in mice heterozygous or homozygous 
for either mutation. Heterozygous animals 
carried a wild-type allele of b allotype, the 
products of which can be distinguished from 
those of the mutant a alleles by anti-allo- 
typic antibodies. All animals generated 
IgM- and IgD-bearing B cells in normal 
numbers. When B cells from homozygous 
mutants of either type were activated in 
vitro by bacterial lipopolysaccharide (LPS) 

mutants and the wild type at the level of 
IgGl responses. When heterozygous mu- 
tants were immunized with a T cell-depen- 
dent antigen, chicken y-globulin (CG) 
coupled to 4-hydroxy-3-nitro-phenylacetyl 
(NP), they produced far less NP-specific 
IgGl from the mutant than from the wild- 
type alleles. The differences were more pro- 
nounced for the IgGIAm than for the 
IgGIAtail mutant and most severe in the 
secondary response, where in both cases, 
IgGl from the mutant alleles was hardly 
detectable (7). In homozygous mutants 
(Fig. 3), the serum IgGl concentrations 
were reduced by factors of 24 for IgGIAfail 
and 71 for IgGIAm, compared with control 
mice of strain 129 (Fig. 3A). Other IgG 
classes were unaffected. Upon immuniza- 
tion with NP-CG, both mutant strains pro- 
duced strongly impaired primary and sec- 
ondary IgGl responses, which were about 
two orders of magnitude below the control 
in the case of the IgGIAm and about one 
order of magnitude in that of the IgGIAmil 
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mutant (Fig. 3, C and D). Aga~n, other Ig 
classes were unaffected (Fie. 3. E and F). 
Affinity maturation of I~G; antibodies 
the course of the response was less efficient 
in the IgGlita" tnutant than in the controls 
(Fig. 3B). For the IgGli" mutant, the low 
antibody titers did not allow us such an 
analysis. 

Our results detnonstrate that B cells ex- 
pressing either the IgGIA" or the IgGlita" 
rnutation are unable to tnount efficient pri- 
tnary and secondary IgGl responses in vivo, 
either in cotnpetition with B cells express- 
ing wild-type IgGl (the heterozygous tnu- 
tant animals) or in the absence of such cells 
(Fig. 3). Assuming that these responses de- 
pend on the expansion of cells expressing 
IgGl in their BCR as earlier work suggests 
(a) ,  this result is expected for the IgGli"' 
mutant, which is ~ ~ n a b l e  to express IgGl at 
the surface. In the case of the IgGlita" 
mutant, the impaired response could be be- 
cause of inefficient exnansion or ~ersistence 
of surface IgGl- bearing cells, impaired ter- 
tninal differentiation into antibodv secret- 
i11g cells, or both. We have approadhed this - - 
matter by determining the numbers of sur- 
face IgGl-positive splenic B cells in ho- 
mozygous mutant mice, either disregarding 
their antigen-binding specificity or as 
IgGl +NPtB cells during the anti-NP re- 
sponse. A well-defined subset of IgGl-pos- 

Fig. 2. Flow cytometr~c analys~s of spleen cells 
der~ved from l ~ d - t y p e  (th~n Ines), lgGlual/Atal 
(bold I~nes), and g G I A m  A n  mlce (dotted Ines) af- 
ter In v~tro st~mulat~on w~ th  LPS and L - 4  (1 7) 
Shown are (A) stanng of ~ntracelular gG1 and (6) 
lgGl surface expresson 

itive cells was identified 4 weeks after im- 
tnunization with NP-CG in both tnutant 
and wild-type mice (Fig. 4) (9). In contrast 
to what was seen in the case of LPS-acti- 
vated blasts (Fig. 2 ) ,  the intensity of stain- 
ing for lnIgGl did not apparently differ 
between the wild type and the mutant for 
most of the cells of this subset, although 
there may be a small fraction of bright cells 
in the wild type that are missing in the 
mutant (Fig. 4, A and B). A tninority of the 
IgG1-positive cells specifically bind NP- 
carrier conjugates (Fig. 4, C and D), in 
agreetnent with earlier studies (10). These 
cells represent typical tnemory B cells se- 
lected in the germinal center reaction upon 

I IgM ' IgG1 IgG2a ' lgG2b ' lgG3 

primary immunization with T cell-depen- 
dent antieens (1 1 ). The mutant animal an- 
alyzed inY~ig .  4 harbored significantly (ap- 
proximately 25 times) less IgG1-positive 
cells than did its wild-type counterpart. As 
a rule and irres~ective of intentional itntnu- 
nization, the mutants displayed roughly ten 
times fewer IgG1-positive cells in their 
spleens than did the wild type (Table 1). 

We conclude that surface IgGl expres- 
sion is essential for the generation of effi- 
cient primary and secondary IgGl responses 
and that both the primary IgGl response as 
well as the expansion or maintenance, or 
both, of IgGl-bearing memory B cells de- 
pend strongly on the cytoplasmic tail of the 
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Fig. 3. Immune response n wd-type (open dots) IgG1 (black dots) and g G I A m  Am (gray dots) 
mlce (18) (A) Serum levels of g sotypes are shown for unmmun~zed wd-type g G l A t "  -\'"I and 
lgGIAn'/An' mlce (B) Affnty maturat~on of NP-specfc gG1 serum antbody In wld-type and lgGl m c e  
IS shown at varous days after the f rs i  ~mmunzai~on (C to F) NP-spec~fc gG1 (C and D) and IgG2b (E 
and F) serum levels In w~ld-type lgGIAta'At" and g G I A m  Am mlce lmmun~zat~ons at day 0 and day 42 
are ~nd~cated by arrows Bars ndca ie  mean values 

Fig. 4. Representat~ve flow cytometrc analyses of A B 
mlgM-/mlgD- spleen cells from w~ld-type (A and 200 
GI and la~l  Ata~l/Aaa'~ (B and GI m c e  at dav 28 after o $ 1 I \  lo- 

mmunlzaton w ~ t h  NP-CG (A) and (6) H~stograms $ 2 I O O ~  , , , , , , , ,  [ '\::h!: , A :; , , , , ,  ,, 1 , , , ,  \~d 
show~ng surface lgGl expression Bars nd~ca ie  5 2 0 -". 
the m laG1-~os~ t~ve  ~ o ~ u l a t ~ o n s  fCi and fDi NP- cc - ,  

binding versus m l g ~ i  expression'. ~ p - b i n d i n ~  
and nonbnding mgG1 pos~t~ve cells are framed. 
In dot dots. l o 5  Ivm~hocvtes /as def~ned bv for- 
ward and s~de scatters (19)]  were collected: and &, 
mgM-!mlgD- cells were analyzed. For the histo- 
grams, 2 million lymphocytes were collected, $ 
and the bulk of mlgGl -negatve cells (as ndicat- $ 
ed by the eftmost vertca lines of dot plots) were 
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y 1 chain. Achat: e t  al. (1 2)  have reached 
sitnilar concl~~slons  for the IgE response, 
suggesting that IgG, IgE, and perhaps IgA 
responses follo\v similar rules. 

H o n  could the cytoplasmic tall of the  y 1 
chain and perhaps other H chains exert its 
function? @11e possibility is that it stabilizes 
IgGl  surface expressioln (Fig. 2) ,  alloning 
more efficient triggering of IgG1-expressing 
cells by antlgen. However, as the  level of 
IgGl surface expresslon appeared to be 
close to normal In memory cells of IgGl""" 
mice (Fig. 4), u-e favor the  view that the  tail 
is directly involved 111 the  mechanism by 
which IgG1-expressing B cells are triggered 
into the remonse. Weiser et al. (1 3) have 
sl~o\v~n that tralnsformed B cells expressing 
an  IgG2a BCR require the  cytoplasmic tail 
of y2a (and specifically a tyrosine-based 
motif in  this structure, \vhicll is also present 
in y l )  for efficient presentation of antigen 
to T cells, follo\ving sIg-mediated internal- 
ization. 4 s  IgGl  responses are usually T 
cell-driven, inefficielnt presentation of an- 
tigen to  T cells by B cells expressing tail-less 
y l  chains could explain the  observed phe- 
notype of the  IgG1't"'l mutant. Thus, upon 
snitching to IgGl  expressioln in the  T cell- 
driven germinal celnter reaction, further ex- 
pansion and mutation of the antigen-act~- 
\rated cells would become dependent o n  
IgGl-BCR-mediated antigen presentation 
and, therefore, the  cytoplasmic tall of the  
y l  chain. This \vould explain the  ineffi- 
ciencv of affinity ~naturation and nlemorv 
cell generation in  the mutant. 

T h e  cytoplasmic tails of y chains may by 
themselves be unable to transduce a signal 
into the  cell (14).  However, if the  trigger- 
ing of IgG-expressing gerinlnal center and 
lnelnorv B cells Iwhich are known to be 
potent al~tlgen-presenting cells (15)] de- 

Table 1. NP-binding and mlgG1-express~ng cell 
populat~ons n the spleen of w~ld-type and 
IgGl ital'ital mice before and after mmunization 
1~1 th  NP-CG. \Me analyzed lo5 cells a s  descr~bed 
in F I ~ .  4. Results are expressed as percentages of 
total spleen cells. Mean values and standard de- 
v~atons are shown, except for the results obtaned 
at day 49. 

Day 
(number of 

an~mals) 

Wild-type nxce 
<o 01 

0 1 8 ~  0 0 8  
0 08 z 0 03 
0 05, 0 0 5  

IqG 1"" 1'" mice 

"Results from un~mmun~zed mce  

pends exclusively 011 tllelr interaction nit11 
activated T helper cells, then the  activation 
of these B cells would be mediated by the 
cytoplasmic tails of the  y chains instead of 
the  Ig-a-Ig-P heterodimer involved in the  
activation of IgM-expressing na'ive B cells. 
Consistent with this possibility is the  find- 
lng that in  cultured cells, IgG can be ex- 
pressed at the  cell surface in  the  absence of 
Ig-a alnd Ig-P (16).  Whether  tlxs is the  case 
in murine IgG1-pos~tive memory B cells is 
presently ~inknon.n. 

On the  basis of our results and those of 
Achatz e t  al. (12) and of Weiser e t  al. (13),  
and given the  structural differences be- 
tneen  the  cvtoplasrnic tails of antibody H 
chains of different classes (associated n-it11 
different effector fiinctions), these struc- 
tures whose significance was previously elu- 
sive, emerge as important regulators of the  
class distribution of antibody responses and 
of imm~inological memory, and thus as po- 
tential targets for therapeutic intervention. 
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Solution Structure of 3-0x0-A5-Steroid 
Isomerase 

Zheng Rong Wu, Soheila Ebrahimian, Michael E. Zawrotny, 
Lora B. Thornburg, Gabriela C. Perez-Alvarado, Paul Brothers, 

Ralph M. Pollack," Michael F. Summers* 

The three-dimensional structure of the enzyme 3-0x0-15-steroid isomerase (E.C. 5.3.3.1), 
a 28-kilodalton symmetrical dimer, was solved by multidimensional heteronuclear mag- 
netic resonance spectroscopy. The two independently folded monomers pack together 
by means of extensive hydrophobic and electrostatic interactions. Each monomer com- 
prises three a helices and a six-strand mixed p-pleated sheet arranged to form a deep 
hydrophobic cavity. Catalytically important residues Tyrq4 (general acid) and Asp3' 
(general base) are located near the bottom of the cavity and positioned as expected from 
mechanistic hypotheses. An unexpected acid group (Aspg9) is also located in the active 
site adjacent to Tyrq4, and kinetic and binding studies of the Aspg9 to Ala mutant 
demonstrate that Aspg9 contributes to catalysis by stabilizing the intermediate. 

Various biological reactions proceed by en- 
zymatic cleavage of a C-H bond adjacent to 
a carboilyl or carhoxyl group, leading to an 
ello1 or enolate intermediate that is subse- 
quently reprotoilated at the same or ail 
adjacent carbon (1 ). Thermodynamic and 
kinetic barriers associated with these pro- 
cesses can be very large, requiring the en- 
zymes to prol~ide up to 28 ltcal/inol of tran- 
sition state stabilization (2). An important 
member of this class of enzymes is 3-0x0- 
A'-steroid isomerase (I5-3-ketosteroid 
isomerase, KSI, E.C. 5.3.3.1), which is 
among the most profic~ent en:\-mes known 
(3) and has served as a paraillgin for en:\- 
inatic enolizations since its discovery in 
1955 (4). This enzyme catalyzes the isomer- 
ization of various p,y-unsaturated 3-0x0- 
steroids to their conjugated isomers at near- 
lv a diff~~sioil-controlled rate 15). ~, 

Extensive kinetic and inutagenesis stud- 
ies indicate that catalysis proceeds by pre- 
domillant abstraction of the steroid C4-p 
proton by Asp3', with stabilizatioi~ of the 
resulting dienolate intermediate by a hydro- 

gen bond from Tyr14-OH (6-10). Nuclear 
magnetic resonance (NhIR) studies have 
led to the coilclusioil that the intermediate 
is stabiliied by a single low barrier hydrogen 
boild (LBHB) (1 1 ), and it has been further 
proposed that the entire rate e~lhailcement 
by KSI call be quailtitatively attributed to 
residues Asp3%nd Tyr14 (1 1). Neverthe- 
less, fluorescence titration of the TYrl4-OH 
suggests the presence of an active site resi- 
due with pK, of 9.5 (12 ) ,  and there is 
evidence that this unknown group is cata- 
lytically important ( 1  3 ,  14). There is also a 
substantial contribution to the rate of enzy- 
inatic proton transfer by Phel" that has yet 
to be satisfactorily explained (15). 

Despite more than 20 years of effort, 
high-resolutioi~ structural information that 
would identify all of the active site residues 
and facilitate a complete mechanistic anal- 
ysis has been la~king. Crystals of KSI that 
diffract to 2.7 A have been reported (16, 
17), and a three-dimensional (3D) model 
refined to 6 A resolution suggested that the 
substrate binding site is located within a 
cavity near the dimer interface 118). In ~, 
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Summers Howard H ~ g h e s  Ved cal n s t t ~ t e  and Depari- pendent assessment of the solution struc- 
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search In Botechnoogy 1 3  M. Po lack',, 9630 Gudesky NMR studies were expressed in Escherichia 
Drve. 3ock\ i1 e, \nD 20853 coli and purified under nondenaturing coil- 
-To ~vhom correspordence s h o ~ l d  ce addressed. ditions ( 1  9). Protein aggregation is signifi- 

cant at diiner concentrations greater than 80 
yM (20), and \vas inhibited when 90% wa- 
ter and 10% dioxane-de were used as solvent. 
The introduction of dioxane led to small 
chemical shift changes (<0.1 ppm) for only 
a fen NblR signals, and to a minor reduction 
in en;y~ne activity (21) ,  indicatillg that the 
protein structure \vas not significantly al- 
tered ulnder these conditions. Gradient-en- 
hanced triple-resonance NMR methods, 
including four-dimensional "N,13C- and 
13C,13C-edited nuclear Overhauser effect 
(NOE) experiments, were used to assign the 
backbone and side chain signals (22). The 
observation of 11 7 of the 119 expected back- 
bone NH correlation signals per polypeptide 
in the NMR spectra revealed that the pro- 
tein dimer is structurally symmetric. Inter- 
molecular NOES were identified by compar- 
ing the four-dimensional (4D) NOE NMR 
data obtained for the uniformly labeled 
dimer with 3D pulsed-field gradient-edited 
13C-filtered-'2C-detected NOE data ob- 
tained for a heterodimer comprising iloilla- 
beled and 1'N,13C-labeled subunits. For ex- 
ample, the Val7'-"CH, exhibits intrainolec- 
ular NOE cross peaks with Val7'-y1CH3, 
-Hp, -Ha (Fig. lA) ,  as well as interinolecu- 
lar cross peaks with Leu1''-Ha, -Hy, -"CH3 
and with Va14"Hp and -CH3 protons (Fig. 
1B). With this approach, we were able 
to unambiguously assign 30 intermolecular 
NOE cross peaks. 

A total of 1865 experimental L 4' lstance 
restraints identified from the NOE data 
were used to generate an ensemble of 2C 
distance geometry structures with the pro- 
gram DIANA (23). Statistical information 

Fig. 1. Nuclear Overhauser effect (NOE) data as- 
soclated w~th the Val,,-'2CH3 methyl group (A) 
Selected plane [F4 ('H) = 0 74 ppm, F3 (1 3C) = 

16 48 ppm] from the 4D 'C,13C-ed~ted NOE 
spectrum showng both ~ntermolecular (denoted 
with pr~mes) and ntramolecular dlpolar ~nterac- 
tlons (B) Corresponding plane from the 3D grad- 
ent-purged i3C-f~ltered-i2C-detected half-flltered 
NOE spectrum [Fl (I3C) = 16 48 ppm] showng 
~ntermolecular NOE correatlon sgnals (' denotes 
the incompletely suppressed Val7'-.f2CH, auto- 
peak doublet) 
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