The Roles of y1 Heavy Chain Membrane
Expression and Cytoplasmic Tail in IgG1
Responses
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In antibody responses, B cells switch from the expression of immunoglobulin (Ig) u and
3 heavy (H) chains to that of other Ig classes (a, v, or €), each with a distinct effector
function. Membrane-bound forms of a, v, and &, but not . and 3, have highly conserved
cytoplasmic tails. Mutant mice unable to express membrane y1 H chains or producing
tailless y1 H chains failed to generate efficient IgG1 responses and IgG1 memory.
H chain membrane expression after class switching is thus required for these functions,
and class switching equips the B cell antigen receptor with a regulatory cytoplasmic tail

that naive B cells lack.

The B cell antigen receptor (BCR) initial-
ly expressed on B lymphocytes consists of
membrane Ig (mlg) made up of p heavy
(H) chains plus light chains, associated
with the Ig-a-Ig-B heterodimer (I). Be-
cause W H chains have a cytoplasmic tail of
only three residues, signaling through the
BCR depends on the cytoplasmic tails of
Ig-a and Ig-B. 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
w or 8. The membrane forms of v, €, and a
H chains differ conspicuously from those of
i and 3 in that they possess cytoplasmic
tails of 28 (v, €) and 14 (&) amino acids,
which are highly conserved in evolution
(1). This raises the possibility that the
BCRs expressed on naive and memory B
cells exhibit distinct signaling properties.
Memory B cells generated in response to
protein antigens typically express y1 chains
on the cell surface. We generated two types
of mouse mutants: one unable to express y1
chains on the membrane (IgG14™) and the
other able to express mlgG1 but lacking the
v1 cytoplasmic tail (IgG14%). The gener-
ation of the IgG12™ and IgG14®! muta-
tions by gene targeting is depicted in Fig. 1.
A single vector was used to target the y1
locus of embryonic stem (ES) cells bearing
the IgH? allele (3). The IgG14%! mutation
was generated by Cre recombinase-medi-
ated deletion of the neomycin resistance
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(neo) gene from the targeted locus (4). The
IgG12%i mutation leads to the production
of y1 chains with a truncated cytoplasmic
tail of three amino acids, identical to that of
w chains. The IgG14%i! mutation was trans-
mitted into the mouse germ line, and the
IgG14™ mutation was derived from it by a
second step of Cre-mediated deletion in
vivo, using the deleter 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)

12.0 kb

in the presence of interleukin 4 (IL-4) (6),
they switched to IgGl expression with
equal efficiency as the wild type. This was
determined by intracellular staining of the
activated cells after fixation and incubation
with antibodies to IgG1 (Fig. 2A). Cells
from the same cultures were also stained for
IgG1 surface expression (Fig. 2B). No stain-
ing was observed in the case of the IgG14™
mutant, as expected. In the case of
IgG12%il surface IgG1-positive cells were
seen at the expected frequency. However,
the average staining intensity was roughly
threefold less than that of wild-type cells,
for reasons that remain to be explored.
Marked differences were seen between
mutants and the wild type at the level of
[gG1 responses. When heterozygous mu-
tants were immunized with a T cell-depen-
dent antigen, chicken vy-globulin (CG)
coupled to 4-hydroxy-3-nitro-phenylacetyl
(NP), they produced far less NP-specific
IgG1 from the mutant than from the wild-
type alleles. The differences were more pro-
nounced for the IgG1*™ than for the
IgG12%! mutant and most severe in the
secondary response, where in both cases,
IgG1 from the mutant alleles was hardly
detectable (7). In homozygous mutants
(Fig. 3), the serum IgGl concentrations
were reduced by factors of 24 for [gG14wil
and 71 for IgG14™, compared with control
mice of strain 129 (Fig. 3A). Other [gG
classes were unaffected. Upon immuniza-
tion with NP-CG, both mutant strains pro-
duced strongly impaired primary and sec-
ondary IgG1 responses, which were about
two orders of magnitude below the control
in the case of the IgG1*™ and about one
order of magnitude in that of the [gG14%i!

M

% \ =
- \ s
A Genomic locus 2 M1 ,%ﬂ, B =23 L
1 R ST EEES
\N 4449 F444+F ik
B Targeting vector X B B Stop et B S
(] ({16 3 - Q_m.o
- ¥ -0
11.0 kb \\. R . i —8.0
» \ il S
C Targeted allele B B Stop B
(= K] C—{{ 100 \-l— Fig. 1. Generation of
0.8 kb IgG14ta! and IgG14™ mice
- - (3). Genomic structure of (A)
B B Stop B the murine IgG1 constant

D 1gG14tail gligle : I f 1

E 1gG1am allele 8

1kb

—_— ' e

region locus, (B) the target-
ing vector, (C) the targeted
allele, (D) the IgG14%=" allele,
and (E) the IgG14™ allele are
shown. The exons (coding
parts depicted in open box-

8.0 kb
oy

es, noncoding parts in shaded boxes) are marked. The exons M1 and M2 encode the transmembrane
and cytoplasmic regions of IgG1. The loxP sites are indicated as solid triangles. The introduced stop
codon (stop), the lengths of diagnostic restriction fragments (arrows), and the probe used for Southern
(DNA) blot analysis (black bar) are shown. B, Bam HI. (F) Southern blot analysis. Bam HI digestion of
genomic DNA vyields fragments of 12.0, 9.8, and 8.0 kb corresponding to the wild-type (+), IgG14t!

(Atail), and IgG14™ (Am) allele, respectively.
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mutant (Fig. 3, C and D). Again, other Ig
classes were unaffected (Fig. 3, E and F).
Affinity maturation of IgG1 antibodies in
the course of the response was less efficient
in the [gG14%! mutant than in the controls
(Fig. 3B). For the [gG14™ mutant, the low
antibody titers did not allow us such an
analysis.

Our results demonstrate that B cells ex-
pressing either the [gG14™ or the [gG14®!
mutation are unable to mount efficient pri-
mary and secondary [gG1 responses in vivo,
either in competition with B cells express-
ing wild-type IgG1 (the heterozygous mu-
tant animals) or in the absence of such cells
(Fig. 3). Assuming that these responses de-
pend on the expansion of cells expressing
[gG1 in their BCR as earlier work suggests
(8), this result is expected for the IgG14™
mutant, which is unable to express [gG1 at
the surface. In the case of the IgG1Awi!
mutant, the impaired response could be be-
cause of inefficient expansion or persistence
of surface IgG1-bearing cells, impaired ter-
minal differentiation into antibody secret-
ing cells, or both. We have approached this
matter by determining the numbers of sur-
face 1gGl-positive splenic B cells in ho-
mozygous mutant mice, either disregarding
their antigen-binding specificity or as
[gG1*NP*B cells during the anti-NP re-
sponse. A well-defined subset of [gG1-pos-
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Fig. 2. Flow cytometric analysis of spleen cells
derived from wild-type (thin lines), IgG1ataiatal
(oold lines), and IgG14™4m mice (dotted lines) af-
ter in vitro stimulation with LPS and IL-4 (77).
Shown are (A) staining of intracellular IgG1 and (B)
IgG1 surface expression.
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itive cells was identified 4 weeks after im-
munization with NP-CG in both mutant
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 mlgG1l 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 minority of the
[gG1-positive cells specifically bind NP-
carrier conjugates (Fig. 4, C and D), in
agreement with earlier studies (10). These
cells represent typical memory B cells se-
lected in the germinal center reaction upon
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primary immunization with T cell-depen-
dent antigens (11). The mutant animal an-
alyzed in Fig. 4 harbored significantly (ap-
proximately 25 times) less [gGl-positive
cells than did its wild-type counterpart. As
a rule and irrespective of intentional immu-
nization, the mutants displayed roughly ten
times fewer [gGl-positive cells in their
spleens than did the wild type (Table 1).
We conclude that surface 1gG1 expres-
sion is essential for the generation of effi-
cient primary and secondary [gG1 responses
and that both the primary [gG1 response as
well as the expansion or maintenance, or
both, of [gG1-bearing memory B cells de-
pend strongly on the cytoplasmic tail of the
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Fig. 8. Immune response in wild-type (open dots), IgG14tei/atal (hlack dots), and IgG14™A™ (gray dots)
mice (18). (A) Serum levels of Ig isotypes. are shown for unimmunized wild-type, IgG1Atatal and
lgG1am™am mice. (B) Affinity maturation of NP-specific IgG1 serum antibody in wild-type and IgG1 mice
is shown at various days after the first immunization. (C to F) NP-specific IgG1 (C and D) and IgG2b (E
and F) serum levels in wild-type, IgG14atevatal | and |gG14™Am mice. Immunizations at day 0 and day 42
are indicated by arrows. Bars indicate mean values.

Fig. 4. Representative flow cytometric analyses of
mlgM~/mligD- spleen cells from wild-type (A and
C) and IgG14teivatail (B and D) mice at day 28 after
immunization with NP-CG. (A) and (B) Histograms
showing surface IgG1 expression. Bars indicate
the mlgG1-positive populations. (C) and (D) NP-
binding versus migG1 expression. NP-binding
and nonbinding migG1 positive cells are framed.
In dot plots, 10% lymphocytes [as defined by for-
ward and side scatters (79)] were collected, and
migM~—/migD~ cells were analyzed. For the histo-
grams, 2 million lymphocytes were collected,
and the bulk of mlgG1-negative cells (as indicat-
ed by the leftmost vertical lines of dot plots) were
excluded.
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v1 chain. Achatz et al. (12) have reached
similar conclusions for the IgE response,
suggesting that IgG, IgE, and perhaps [gA
responses follow similar rules.

How could the cytoplasmic tail of the y1
chain and perhaps other H chains exert its
function? One possibility is that it stabilizes
IgG1 surface expression (Fig. 2), allowing
more efficient triggering of [gG1-expressing
cells by antigen. However, as the level of
IgG1 surface expression appeared to be
close to normal in memory cells of [gG14=i
mice (Fig. 4), we favor the view that the tail
is directly involved in the mechanism by
which [gG1-expressing B cells are triggered
into the response. Weiser et al. (13) have
shown that transformed B cells expressing
an IgG2a BCR require the cytoplasmic tail
of y2a (and specifically a tyrosine-based
motif in this structure, which is also present
in y1) for efficient presentation of antigen
to T cells, following slg-mediated internal-
ization. As IgG1 responses are usually T
cell-driven, inefficient presentation of an-
tigen to T cells by B cells expressing tail-less
v1 chains could explain the observed phe-
notype of the IgG14®! mutant. Thus, upon
switching to [gG1 expression in the T cell-
driven germinal center reaction, further ex-
pansion and mutation of the antigen-acti-
vated cells would become dependent on
[gG1-BCR-mediated antigen presentation
and, therefore, the cytoplasmic tail of the
v1 chain. This would explain the ineffi-
ciency of affinity maturation and memory
cell generation in the mutant.

The 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 germinal center and
memory B cells [which are known to be
potent antigen-presenting cells (15)] de-

Table 1. NP-binding and mlgG1-expressing cell
populations in the spleen of wild-type and
|gG1atalvatall mice before and after immunization
with NP-CG. We analyzed 10° cells as described
in Fig. 4. Results are expressed as percentages of
total spleen cells. Mean values and standard de-
viations are shown, except for the results obtained
at day 49.

Day Al
(number of NP*mIgG1+ miaG1 +
animals) 9

Wild-type mice

0* (4) <0.01 0.16 £ 0.05
14 (6) 0.18 = 0.08 0.90 £ 0.18
28 (5) 0.08 + 0.03 0.72 + 0.21
49 (2) 0.05, 0.05 0.568, 0.58
/gG7Atail/Ataf/ mice
04) <0.01 0.01 = 0.01
14 (6) 0.02 = 0.01 0.08 £ 0.07
28 (5) 0.01 + 0.01 0.06 + 0.03
49 (2) 0.01, <0.01 0.02, 0.02

*Results from unimmunized mice.
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pends exclusively on their interaction with
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-B heterodimer involved in the
activation of IgM-expressing naive B cells.
Consistent with this possibility is the find-
ing that in cultured cells, I[gG can be ex-
pressed at the cell surface in the absence of
Ig-a and Ig-B (16). Whether this is the case
in murine IgG1-positive memory B cells is
presently unknown.

On the basis of our results and those of
Achatz et al. (12) and of Weiser et al. (13),
and given the structural differences be-
tween the cytoplasmic tails of antibody H
chains of different classes (associated with
different effector functions), these struc-
tures whose significance was previously elu-
sive, emerge as important regulators of the
class distribution of antibody responses and
of immunological memory, and thus as po-
tential targets for therapeutic intervention.

REFERENCES AND NOTES

1. M. Reth, Annu. Rev. Immunol. 10, 97 (1992).

2. C. Esser and A, Radbruch, ibid. 8, 717 (1990).

3. To generate the gene-targeting vector, the codon
encoding the fourth amino acid (TGG, tryptophan) of
the IgG1 cytoplasmic tail was converted into a stop
codon (TGA) by polymerase chain reaction—medi-
ated mutagenesis. A neo” gene flanked by two loxP
sites [L. Ferradini et al., Science 271, 1416 (1996)]
was placed downstream of the stop codon. The third
JoxP site was inserted 5’ of the two transmembrane
exons. A 7.3-kb DNA segment including the exons
encoding the extracellular and transmembrane part
of the migG1 constant region [T. Honjo et al., Cell 18,
559 (1979)] and a 1-kb fragment containing the poly-
adenylation signal were used as the long arm and the
short arm of homology, respectively. To confirm that
the targeting vector encoded a functional Cy1 re-
gion, a fragment including all exons that encode the
extracellular and transmembrane part of Cy1 was
inserted into an expression vector containing the IgH
promoter and a rearranged V,, gene [U. Weiss and K.
Rajewsky, J. Exp. Med. 172, 1681 (1990)]. The re-
sulting construct was transfected into the IgG1-neg-
ative, k-positive B cell line K46 [K. J. Kim, C. Kanel-
lopoulos-Langevin, R. M. Mervwin, D. H. Sachs, R.
Asofsky, J. Immunol. 122, 549 (1979)]. All transfec-
tants tested showed surface expression of IgG1, in-
dicating that the targeting vector allows expression
of truncated migG1 on the cell surface. E14-1 ES
cells [R. Kiihn, K. Rajewsky, W. Mller, Science 254,
707 (1991)] were transfected with the Sal I-linearized
targeting vector by electroporation. Double selection
with G418 and gancyclovir resulted in seven homol-
ogous recombinants out of 148 double-resistant
clones. Three out of seven homologous recombi-
nants contained the upstream lox P site (Fig. 1C).
The lox P-flanked neo” gene was removed from the
targeted allele by Cre-mediated recombination in ES
cells to generate the IgG12%il mutation. ES cell
clones heterozygous for the IgG14t! mutation were
injected into C57BL/6 blastocysts. The IgG1am
strain harboring the deletion of the IgG1 transmem-
brane exon was generated by crossing IgG1atl
mice to the deleter strain (5). Sequence analysis of
tail DNA from IgG14tei/atall mice confirmed that the
stop codon had been introduced and revealed no
unexpected mutations in any of the exons encoding
the IgG1 constant region.

4, H. Gu, Y. Zou, K. Rajewsky, Cell 73, 1155 (1993).

5, F. Schwenk, U. Baron, K. Rajewsky, Nucleic Acids
Res. 23, 5080 (1995).

10

11.
12.

13.
14.

16.
16.

18.

5

e A G Y8 e e e e i e o o . o —
REE LR MR M R e T U s I e B T s PSR G TR SR R s RS R et e Taruv e

A R

. J. E. Layton, E. S. Vitteta, J. W. Uhr, P. H. Krammer,
J. Exp. Med. 160, 1850 (1984).

. T. Kaisho, F. Schwenk, K. Rajewsky, data not
shown.

. K. Okumura, M. H. Julius, T. Tsu, L. A. Herzenberg,
L. A. Herzenberg, Eur. J. Immunol. 6, 467 (1976); H.
Shan, M. Schlomchik, M. Weigert, J. Exp. Med. 172,
531 (1990).

. For the analysis of spleen cells, mice were immu-
nized intraperitoneally (i.p.) with 100 w.g of alum-pre-
cipitated NP,,-CG. Single-cell suspensions were
stained with a digoxigenin-conjugated rat monoclo-
nal antibody (mAb) to murine IgG1 (Miltenyi Biotec,
Bergisch Gladbach, Germany) and NP, ,~bovine se-
rum albumin (5 wg/mi). Cells were washed and incu-
bated with fluorescein isothiocyanate (FITC)-conju-
gated sheep anti-digoxigenin Fab fragments (Boehr-
inger, Mannheim), the phycoerythrin-conjugated
mAb R33-24-12 to IgM [R. Gritzman, thesis, Univer-
sity of Cologne, Germany (1981)], the phycoerythrin-
conjugated mAb 1.3-5 to IgD [J. Roes, W. Mulller, K,
Rajewsky, J. Immunol. Methods 183, 231 (1995)],
and the allophycocyanin-conjugated mAb S43 to NP
[M. Reth, G. J. Hammerling, K. Rajewsky, Eur. J. Im-
munol. 8,393 (1978)]. Cells were analyzed on a FAC-
Star (Becton Dickinson, San Jose, CA). Dead cells
were excluded by propidium iodide staining.

. B. Pulendran, K. G. C. Smith, G. J. V. Nossal, J. Im-

munol. 155, 1141 (1995).

K. Rajewsky, Nature 381, 751 (1996).

G. Achatz, L. Nitschke, M. C. Lamers, Science 276,

409 (1997).

P. Weiser, R. MUller, U. Braun, M. Reth, ibid., p. 407.

K. M. Kim, G. Alber, P. Weiser, M. Reth, Eur. J. Im-

munol. 23, 911 (1993).

Y.-J. Liu et al., Immunity 2, 239 (1995).

A. R. Venkitaraman et al., Nature 352, 777 (1991); P.

Weiser, C. Riesterer, M. Reth, Eur. J. Immunol. 24,

665 (1994).

. Spleen cells (108 cells/ml) were cultured in complete

Roswell Park Memorial Institute medium supple-

mented with LPS (40 ug/ml) and 10% culture super-

natant of an IL-4—expressing NIH 3T3 line [S. Jung,

K. Rajewsky, A. Radbruch, Science 259, 984

(1998)]. After 3 days of culture, cells were harvested,

incubated with the digoxigenin-conjugated rat mAb

to murine IgG1 (Miltenyi Biotec, Bergisch Gladbach,

Germany), and stained by FITC-conjugated sheep

anti-digoxigenin Fab fragments (Boehringer, Mann-

heim). Intracellular staining was performed as de-
scribed [M. Assenmacher, J. Schmitz, A. Rad-
bruch, Eur. J. Immunol. 24, 1097 (1994)]. Cells
were analyzed on a FACScan (Becton Dickinson,

San Jose, CA).

Eleven-week-old mice were bled and serum lg iso-

type concentrations were analyzed by enzyme-

linked immunosorbent assay (ELISA) as described

[J. Roes and K. Rajewsky, J. Exp. Med. 177, 45

(1998)]. Note that genetically, homozygous mutants

are a mixture of strains 129 and C57BL/6, but that

IgG1 levels do not significantly differ between those

strains (T. Kaisho, F. Schwenk, K. Rajewsky, unpub-

lished observations). Before immunization, NP-spe-

cific IgG1 and 1gG2b serum titers were below 0.1

and 0.8 pg/ml, respectively. Mice were immunized

with 100 pg of alum-precipitated NP;,-CG. A sec-
ondary i.p. immunization was performed 6 weeks
later, using 5 pg of NP;,-CG dissolved in phos-
phate-buffered saline. Mice were bled and the serum
titers of NP-specific IgG1 and IgG2b were deter-
mined by ELISA as described by Roes and Rajew-
sky. Bound Ig was detected by the biotinylated
mouse mAD Ig4a(20.9) to mouse IgG12 [V. T. Oi and

L. A. Herzenberg, Mol. Immunol. 16, 1005 (1979)] or

a goat anti-mouse IgG2b polyclonal serum (South-

ern Biotechnology Associates, Birmingham, AL).

NP-specific IgG1 of low and high affinity were mea-

sured by ELISA with plates coated with, respectively,

NP, , and NP, bovine serum albumin, and the affinity

of NP-specific IgG1 was calculated as described by

Roes and Rajewsky.

. |. Forster, P. Vieira, K. Rajewsky, Int. Immunol. 1, 321
(1989).

20. We thank R. Lamers and M. Reth for communicating

results before publication. We also thank C. Uthoff-

SCIENCE s VOL. 276 * 18 APRIL 1997 e« http://www.sciencemag.org

7



sy FEALACER R A ER R

Hachenberg and C. Géttlinger for competent tech-
nical help, W. Mller for the method of detecting
NP-specific migG1-positive cells, R. C. Rickert and
A. Tarakhovsky for critical reading of the manuscript,
and U. Ringeisen for graphical work. Supported by
fellowships from the Human Frontier Science Pro-
gramme (HFSP) and the Alexander von Humboldt

OF 290 B iE RNl AR 283 o 2151

EAE S BA0 S Ak I P ok dof BO e yav A it L3 B Ok

Foundation to T.K. and by grants from the Deutsche
Forschungsgemeinschaft through SFB 243, the
HFSP, and the Land Nordrhein-Westfalen. F.S. was
supported by a stipend of the Boehringer Ingelheim
Fonds.

22 November 1996; accepted 10 February 1997

Solution Structure of 3-Oxo-A°%-Steroid
Isomerase

Zheng Rong Wu, Soheila Ebrahimian, Michael E. Zawrotny,
Lora D. Thornburg, Gabriela C. Perez-Alvarado, Paul Brothers,
Ralph M. Pollack,” Michael F. Summers*

The three-dimensional structure of the enzyme 3-oxo-AS-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 B-pleated sheet arranged to form a deep
hydrophobic cavity. Catalytically important residues Tyr'# (general acid) and Asp®®
(general base) are located near the bottom of the cavity and positioned as expected from
mechanistic hypotheses. An unexpected acid group (Asp®) is also located in the active
site adjacent to Tyr'4, and kinetic and binding studies of the Asp®® to Ala mutant
demonstrate that Asp®® contributes to catalysis by stabilizing the intermediate.

Various biological reactions proceed by en-
zymatic cleavage of a C-H bond adjacent to
a carbonyl or carboxyl group, leading to an
enol or enolate intermediate that is subse-
quently reprotonated at the same or an
adjacent carbon (I). Thermodynamic and
kinetic barriers associated with these pro-
cesses can be very large, requiring the en-
zymes to provide up to 20 kcal/mol of tran-
sition state stabilization (2). An important
member of this class of enzymes is 3-oxo-
A’-steroid  isomerase  (A’-3-ketosteroid
isomerase, KSI, E.C. 5.3.3.1), which is
among the most proficient enzymes known
(3) and has served as a paradigm for enzy-
matic enolizations since its discovery in
1955 (4). This enzyme catalyzes the isomer-
ization of various B,y-unsaturated 3-oxo-
steroids to their conjugated isomers at near-
ly a diffusion-controlled rate (5).
Extensive kinetic and mutagenesis stud-
ies indicate that catalysis proceeds by pre-
dominant abstraction of the steroid C4-f
proton by Asp®®, with stabilization of the
resulting dienolate intermediate by a hydro-
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gen bond from Tyr'4-OH (6-10). Nuclear
magnetic resonance (NMR) studies have
led to the conclusion that the intermediate
is stabilized by a single low barrier hydrogen
bond (LBHB) (11), and it has been further
proposed that the entire rate enhancement
by KSI can be quantitatively attributed to
residues Asp®® and Tyr'* (11). Neverthe-
less, fluorescence titration of the Tyr!*-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 (13, 14). There is also a
substantial contribution to the rate of enzy-
matic proton transfer by Phe!®! that has yet
to be satisfactorily explained (15).

Despite more than 20 years of effort,
high-resolution structural information that
would identify all of the active site residues
and facilitate a complete mechanistic anal-
ysis has been lacking. 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 (I8). In
order to provide a more detailed and inde-
pendent assessment of the solution struc-
ture of KSI, we have determined its com-
plete 3D structure using heteronuclear mul-
tidimensional and triple resonance NMR
methods.

I5N- and N, *C-labeled KSI samples for
NMR studies were expressed in Escherichia
coli and purified under nondenaturing con-
ditions (19). Protein aggregation is signifi-

s T ® REPORTS

cant at dimer concentrations greater than 80
M (20), and was inhibited when 90% wa-
ter and 10% dioxane-dg were used as solvent.
The introduction of dioxane led to small
chemical shift changes (<0.1 ppm) for only
a few NMR signals, and to a minor reduction
in enzyme activity (21), indicating that the
protein structure was not significantly al-
tered under these conditions. Gradient-en-
hanced triple-resonance  NMR  methods,
including four-dimensional N,*C- and
13C BC-edited nuclear Overhauser effect
(NOE) experiments, were used to assign the
backbone and side chain signals (22). The
observation of 117 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
BC-filtered-!2C-detected NOE data ob-
tained for a heterodimer comprising nonla-
beled and *N,3C-labeled subunits. For ex-
ample, the Val”-“YZCH3 exhibits intramolec-
ular NOE cross peaks with Val74-VICH3,
-HB, -Ha (Fig. 1A), as well as intermolecu-
lar cross peaks with Leu'*-Ha, -Hy, -**CH,
and with Val*-HB and -CH, protons (Fig.
1B). With this approach, we were able
to unambiguously assign 30 intermolecular
NOE cross peaks.

A total of 1865 experimental distance
restraints identified from the NOE data
were used to generate an ensemble of 20
distance geometry structures with the pro-
gram DIANA (23). Statistical information
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Fig. 1. Nuclear Overhauser effect (NOE) data as-
sociated with the Val,,-¥2CH, methyl group. (A)
Selected plane [F4 ("H) = 0.74 ppm; F3 (13C) =
16.48 ppm] from the 4D '°C,'3C-edited NOE
spectrum showing both intermolecular (denoted
with primes) and intramolecular dipolar interac-
tions. (B) Corresponding plane from the 3D gradi-
ent-purged 'C-filtered-"2C-detected half-filtered
NOE spectrum [F1 ('°C) = 16.48 ppm] showing
intermolecular NOE correlation signals (* denotes
the incompletely suppressed Val”-¥2CH, auto-
peak doublet).
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