tions. Thus the difference between the re-
gion around Tyr* in the NMR model and
the crystallographic studies reflects a genu-
ine difference between the solution and the
crystal conformation. The differences
around the loop encompassing residues 31
to 36, however, although arising from crys-
tal interactions, are misleading, because as
shown by the joint x-ray-NMR refinement
and the concomitant lack of NOE viola-
tions, the crystallographic model is consis-
tent with the NMR observations (15).

An attractive aspect of the joint x-ray—
NMR refinement method is a decreased
necessity for human intervention in re-
building the model throughout the process.
Because the NMR observations ensure
maintenance of proper local interactions
between side chains, they can assist in
selecting side chain conformations during
interpretation of the electron density map,
as demonstrated for example in the case of
Leu® and Leu®?. Several NOE interactions
between the side chain protons of these two
residues and protons of the adjacent Leu?¢
and Leu®, as well as dihedral NMR re-
straints on the X, angles, lock their side
chains in a conformation that is different
from the one observed in the refinements
without NOE restraints (models 411B and
NONOE). The resulting electron density
map confirms the choice of conformation
for both Leu® and Leu®? (Fig. 2). Unlike
the maps produced by the refinements with-
out NOEs (Fig. 2B), it also indicates that
alternative conformations are possible, par-
ticularly for Leu8? (Fig. 2A). Such amplifi-
cation of the information contained in the
diffraction data, together with the improve-
ment in the ratio of parameters to observa-
tions, suggest that incorporation of the
NMR observations, where available, has
the potential of improving the convergence
of crystallographic refinement procedures.

Although previous studies have shown
that structures determined by NMR can be
used as initial models for solving crystal
structures by the molecular replacement
method (16), the present study opens the
way for a full amalgamation of the NMR
and x-ray data throughout the structure
determination process. A typical situation
in which the diffraction data can be com-
plemented by the NMR observations is in
studies of multidomain proteins, for which
only the overall structure can be modeled
reliably from medium to low-resolution
electron density maps, but more detailed
models of the individual domains can be
obtained from NMR data pertaining to
higher resolution.
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A Critical Role for Conserved Residues
in the Cleft of HLA-A2 in Presentation of a
Nonapeptide to T Cells

France Latron, Laszlo Pazmany, Joanna Morrison, Robert Moots,
Mark A. Saper,* Andrew McMichael, Jack L. Strominger

The peptide binding cleft of the class | human histocompatibility antigen, HLA-A2, contains
conserved amino acid residues clustered in the two ends of the cleft in pockets A and F
as well as polymorphic residues. The function of two conserved tyrosines in the A pocket
was investigated by mutating them to phenylalanines and of a conserved tyrosine and
threonine in the F pocket by mutating them to phenylalanine and valine, respectively.
Presentation of influenza virus peptides and of intact virus to cytolytic T lymphocytes (CTLs)
was then examined. The magnitude of the reduction seen by the mutation of the two
tyrosines in the A pocket suggests that hydrogen bonds involving them have a critical
function in the binding of the NH,-terminal NH,* of the peptide nonamer and possibly of
all bound peptide nonamers. In contrast, the mutations in the F pocket had no effect on

CTL recognition.

The class I and class 1T glycoproteins en-
coded in the major histocompatibility com-
plex (MHC) of all vertebrates examined
have a central role in immune recognition;
they present peptides derived from foreign
antigens to the T cell receptor complex on
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the effector cells of the immune system.
These molecules are extremely polymor-
phic, which leads to the rejection of allo-
geneic or xenogeneic grafts. The elucida-

tion of the crystal structures of two class |
human molecules, HLA-A2 and HLA-



Fig. 1. The peptide
binding site of HLA-
A21 (1, 2, 4). (A)
Space filling model of
conserved residues in
pockets A and F are
colored dark blue, and
- polymorphic residues
pink. The four tyrosine
residues in pocket A
(left) are numbered with
the two residues mutat-
ed in this study, Y7 and
Y171, highlighted. The
conserved threonine
and two tyrosine resi-
dues in the F pocket
(right) are similarly
numbered with Y84
and T143 highlighted.
The tyrosine residue
Y99 to the right of and
between Y7 and Y159
is conserved in man al-
though it is polymorphic in the mouse
and is therefore colored pink. (B) The
extra electron density in the cleft
(shown in red). The residues in the A
pocket, Y171 and Y7, and those in
the F pocket, T143 and Y84, which
were mutated in this study, are col-
ored in green. The hydroxyl groups of
these four residues are within hydro-
gen bonding distance of the ends of
the extra electron density.

Aw68, and more recently a third, HLA-
B27, revealed that self peptides are bound
in a cleft in these molecules within their a1
and a2 domains (1-5). The sides of these
clefts are two a helices (one from each
domain), and their floor is those portions of
a platform of eight B strands (four from
each domain) that pass beneath the helices.
All of the known polymorphic residues that
characterize these molecules are located in
or on this cleft. Residues on the walls and
the floor of the cleft are presumed to be
peptide contact residues, whereas residues
on the tops of the helices are probably
involved in recognition by T cell receptors.
In previous studies the function of polymor-
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phic residues in recognition by antibody,
and by both virus specific and allogeneic
cytotoxic T lymphocytes, has been investi-
gated by mutagenizing specific amino acid
residues (6-8). We have mutagenized some
of the conserved residues in the peptide
binding cleft and found that several of them
function in binding the conserved feature of
all peptides, their amino and carboxyl ends.
In these studies we used a peptide nonamer
that sensitizes HLA-A2 target cells for CTL
lysis at 10710 M.

The clefts of HLA-A2, -Aw68, and
-B27 contain a number of pockets or de-
pressions, called pockets A to F in HLA-
A2, that are presumed to be the sites for
binding of amino acid side chains (3-5).
The nature of these pockets thus deter-
mines the peptide specificity of a given
allele, and correspondingly, pockets B, C,
D, and E in HLA-A2 contain polymorphic
amino acid residues. The peptide binding
cleft also contains conserved residues, clus-
tered at the two ends of the cleft in pockets
A and F (Fig. 1). Pocket A includes the
conserved tyrosine (Y) residues Y7, Y59,
Y159, and Y171 (whose hydroxyls all point
into the pocket), whereas pocket F contains
conserved tyrosines Y84 and Y123, Thr!®
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(whose hydroxyls are also within the pock-
et), and Lys!*6, whose positive charge over-
hangs this pocket. In an atomic model of
how a mixture of peptides binds to HLA-
B27 (5, 9), the NH,-terminal amino acid
(including its -NH;*) of an extended non-
americ peptide is bound in the A pocket,
whereas its COOH-terminal amino acid
(including its -COQO~) is bound in the F
pocket through hydrogen bonds involving
the two groups of conserved residues. The
compensating mutations, Tyr!!® — Asp!1®
in HLA-A2 and Leu®® — Arg® in the
peptide epitope, had also led to the conclu-
sion that the COOH-terminus of the pep-
tide is in the F pocket (10). We have
mutagenized several of the conserved resi-
dues in the two pockets to examine the
functional importance of the proposed hy-
drogen bonds that appear to involve them.

T cell epitopes that bind to class | MHC
molecules are mainly peptide nonamers
(11-13). In the case of HLA-A2, a mixture
of peptide nonamers was found in the pep-
tide binding cleft with the hydrophobic
amino acids Leu and Met, and to a lesser
extent Ile, predominating at the second
position (P2) and Val or Leu at P9 (referred
to as anchor positions) (I2). Amino acids
57 to 68 of the influenza type A matrix
protein (M57—68) are a T cell epitope (14),
and M58-66 of this epitope (GlylleLeuGly-
PheValPheThrLeu) is the peptide nonamer
with the appropriate anchor residues (15,
16). This peptide titrated out at about
107 M in the CTL assay. When the
adjacent nonamers, M57-65, M59-67, and
M60-68, are used, no lysis occurs, although
M59-68 is recognized by some CTL clones
at 107° M (17). When the long peptides
M58-68 or M57-68 (LysGlylleLeuGly-
PheValPheThrLeuThrVal) are used, CTL
lysis titrates out at about 108 M—about a
2-log reduction in effectiveness (16). We
used HLA-A2 in which Tyr'”! had been
mutated to phenylalanine (Y171F) and was
transfected into CIR cells. Recognition of
M58-66 was reduced about 2 logs; recogni-
tion of M57-68 was also reduced, although
to a smaller degree (Fig. 2, A and B).
Recognition of the mutant in which Tyr’
was mutated to Phe (Y7F) was reduced in a
manner similar to that of Y171F. These
results were consistent with an observed
~50% reduction of presentation of the
natural epitope (presumably M58-66)
formed after virus infection with both
Y171F and Y7F (Fig. 2C). A second HLA-
A2 restricted epitope, derived from the
influenza type B nucleoprotein (BNP) ami-
no acids 82 to 94 (7), has also been studied
in a preliminary manner. The recognition
of BNP82-94 by both the Y171F and Y7F
mutations was abolished at concentrations
up to 107* M (Fig. 2D).

Mutations at Tyr®* and Thr!*? in pocket
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distinctly different means, a conclusion also
suggested by much other data.

The extra density in the cleft of HLA-
A2 was presumed to be a mixture of bound
peptides, because only a limited amount of
detail could be seen in structural analysis at
2.6 A (4), a result that was confirmed by
direct analysis of this peptide mixture (13).
The hydroxyls of Tyr’, Tyr'7!, Tyr®4, and
Thr'® are in close proximity to the two
ends of the electron density in the binding
site of HLA-A2 (Fig. 1B) as they are in
HLA-B27. The four conserved tyrosine hy-
droxyls in pocket A are strong hydrogen
bond donors or acceptors, as are the thre-

F have also been investigated. Tyr®* and
Thr'® were changed to Phe3* and Val'®
(Y84F and T143V). Neither of these muta-
tions had any detectable effect on CTL
recognition of M58-66 (Fig. 3). In addi-
tion, the double mutation Thr'** — Asp!'#
and Tyr® — Arg® was constructed because
these residues occur at analogous positions
in a model of class Il MHC glycoproteins
(18); recognition of M58-66 or of the
natural epitope formed after influenza virus
infection were both abolished. Thus, the
binding of peptides to class I MHC mole-
cules and the binding of peptides to class 11
MHC molecules are likely to occur by

Fig. 2. Effects of muta- A C | w-Vis
tions Y171F and Y7F in ~80 HLA-A2.1 (Y59-66) —~ | D+Virus
pocket A of HLA-A2 on § 60 HLA-A2.1 (58-66) 5.:« 60
recognition of influenza ', MICH\ T

. . 2
virus peptide epitopes © 40 vi7iF(sa.66) 5 40
by CTL clones. (A) and § '§ 2
(B) Effects of the mu- a% -
tations Y171F and Y7F PR 0\ S — ol
on recognition of the T(;pe Am—‘:fI 10"ﬂd 1(:3 None A2 Y7F YV171F
epitopes M58-66 and matrix peptice D
M57-68 derived from B £ 4o/ Peptide: 8294 HLAA
Type A influenza virus | Peptide: 56-66 HLA-A2.1 r '
matrix protein by the 100+ ' 8%
HLA-A2.1 restricted JM- 80 Y7F L2
49 CTL line. Mutations 607 vI7IF % 10 vIE
at predefined residues g ;g‘ a . Yhone
in the HLA-A2.1 gene o § 0 108 105 104
(HLA-A*0201) were ob- & 07 Type B nucleoprotein peptide (M)
tained by site-directed 2 100 - Peptide: 57-68
mutagenesis using the § 80 -
procedure described @ _ ] HLA-AZ.1
(2). Mutated genes 0 Y171F
were subcloned into - Y7F

the pSVneo plasmid af- 03 °

ter linearization with 0 10" 109107 10
Bam HI, and trans- Type A matrix peptide (M)
fected into the HLA-A

and -B negative B lymphoblastoid cell line C1R using Lipofectin. Transfected cells were selected
and maintained in medium containing G418 sulfate (800 pg/ml). Cell surface expression was
assessed by analytical flow cytometry with the HLA-A2 specific monoclonal antibodies BB7.2,
MA2.1, 4B3, and PA2.1 by indirect immunofluorescence. Stable high expressor transfected cells of
each mutated HLA-A2 gene were selected by fluorescence-activated cell sorting. Site-specific
mutations at amino acid residue 7 or 171 (Y171F or Y7F) were used. Nontransfected C1R cells
(labeled “None") and C1R cells transfected with the wild type HLA-A*0201 gene acted as negative
and positive controls, respectively. The CTL line (13, 16) was grown on autologous feeder cells
pulsed with M57-68 and IL-2. These experiments were done at least ten times with four different
CTL lines from two individuals (J.M. and C.M.), with the same results. Cytotoxic T cell assay was
quantified by a 4-hour 5'Cr-release assay. Target cells were labeled with sodium 5'Cr-chromate
(Amersham, United Kingdom) for 1 hour and then mixed with the CTL at a killer/target ratio of 2/1.
Matrix peptides were added to these cells immediately before the addition of CTL. The peptide
epitopes used were M58-66, M57-68, and MY59-66. The substitution of Tyr for Gly at residue 58
has no effect on recognition (16). Peptides were synthesized by Cambridge Research and
Biochemicals. Supernatants were harvested after 4 hours and specific lysis was calculated from the
formula: 100 x (E-M/D-M), where E is experimental release, M is release in presence of culture
medium, and D is release in presence of 5% Triton X-100. (C) Effects of the mutations Y171F and
Y7F on recognition of Type A influenza virus infected cells by the JM CTL line. C1R or transfected
C1R target cells labeled with sodium 'Cr-chromate (Amersham, UK) were preincubated for 1 hour
with either 100 pl of influenza A virus (hemagglutinating titer of 1/1000) in the absence of fetal calf
serum (FCS) or medium alone. Target cells were then washed and resuspended in RPMI 1640 with
10% FCS for 3 hours incubation at 37°C before addition to the CTL assay. (D) Effects of the
mutations Y171F and Y7F on recognition of the influenza B virus nucleoprotein (BNP) peptide,
residues 82-94, by a HLA-A2.1 restricted CTL line, AT. Target cells as in part A labeled with sodium
51Cr-chromate were first incubated with BNP peptide or medium alone for 1 hour at 37°C, and then
washed before addition to the CTL assay. The CTL line AT (7) was used at a killer/target ratio of 2/1.
CTL assays were carried out as in (A).
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onines and tyrosines in pocket F, and may
have a role in the binding of the amino and
carboxyl ends of all peptides to MHC mol-
ecules. The distinctly different effects of the
mutations in pocket A and pocket F suggest
a critical function for the hydrogen bonding
system in pocket A in binding the NH;*
terminal of all nonamers.

Loss of a single hydroxyl group at either
Tyr'™ or Tyr” resulted in a two-log reduc-
tion in cytotoxic killing stimulated by ei-
ther of two peptides. The loss of the Tyr!7!
hydroxyl group probably results in the elim-
ination of one hydrogen bond to the NH,-
terminal NH;* of peptide nonamers, as seen
in the peptides bound to HLA-B27, or with
long peptides to the amide group of the most
NH,-terminal peptide amino acid that fits
into the site (for example, that between
amino acids 57 and 58 in a matrix peptide).
Tyr!”! also appears to hydrogen bond to
Tyr*®, which in turn may be accessible to
solvent. Long peptides, such as M57-68,
have only relatively weak affinity for HLA
molecules (16, 19), and the mutations Y7F
and Y171F do not have a further large effect
on its recognition. Tyr’ is also hydrogen-
bonded to the NH,-terminal NH;* of the
peptide, as shown in crystallographic studies
of H-2K® and by high resolution refinement
of HLA-B27 (9).

Lengthening the peptide at both ends
also reduced the titration value in the CTL
assay by several logs (16), the same effect as
the mutations Y171F or Y7F. These chang-
es caused the loss of a single hydrogen bond
in the A pocket that might have been
expected to result in a loss in binding
energy of only a few kilocalories per mole.
However, the large reduction in CTL rec-
ognition indicates that these hydrogen
bonds play a critical role in peptide bind-
ing, probably because the NH,-terminal
NH;* is buried in the A pocket and is not
accessible to water. Thus, these hydrogen
bonds would make a relatively large contri-
bution to the binding energy (20). The

il HLA-A2.1
60 Y84F
40
=20
R
o ot
2
[1]
s 60 B HLA-A2.1
2 40 T143V
a
20

0

Iq 1012 1010 108 106

Type A matrix peptide (M)
Fig. 3. Effect of the mutations Y84F and T143V
in pocket F of HLA-A2 on peptide recognition.
Experiments were carried out as described in
Fig. 2 with Type A matrix peptide 58-66 and
the CTL line JM-53.




hydrogen bonding network may result in
delocalization of the positive charge on the
NH,-terminal NH;*, and the removal of
the hydroxyl group of either Tyr’ or Tyr'?!
could therefore destabilize the complex by
disrupting this network. Thus, an intact
hydrogen bonding system may be essential
to bind an NH;* in this region. Addition-
ally, the binding of NH;* could signal a
conformational change that would lock the
peptide nonamer into the site, particularly
since the tyrosines involved are derived
from all major structural elements forming
the cleft (Tyr>® on the al helix, Tyr'?! on
the a2 helix, and Tyr? on the floor of the
cleft). In either case, the disruption of the
hydrogen bonding system would result in a
large change in binding affinity (measured
indirectly in this case by the CTL titration
value), as observed.

In the atomic model, the hydroxyls of
Tyr3* and Thr!*? are positioned to hydrogen
bond to the terminal carboxylate group of a
short peptide, and therefore presumably to
the last carbonyl group in the binding site of
a longer peptide (5). The failure of the
mutations Y84F and T143V to affect CTL
recognition (Fig. 3) is not an unexpected
result of the removal of a single hydrogen
bond and may suggest a role in the mutants
for water molecules in replacing the hydro-
gen bonds to the negatively charged peptide
carboxyl group. Approximately 20 hydrogen
bonds as well as van der Waals contacts
involving approximately 80 to 100 atoms in
20 to 30 MHC side chains serve to bind a
peptide in the cleft of a class | MHC mole-
cule (9). Thus, the loss of a single hydrogen
bond should represent a negligible loss in
binding energy. Lys'*® also appears to inter-
act with the terminal carboxylate. A major
difference between pockets A and F is the
presence in the F pocket of the terminal
NH;* of Lys'* to neutralize the terminal
carboxylate, whereas the A pocket does not
contain a carboxylate to neutralize the ter-
minal NH;* of the nonapeptide directly
(although a long range salt bridge to Glu®? is
mediated through Tyr’ and a water mole-
cule) (9). This difference may also contrib-
ute to the functional importance of the
hydrogen bonding network in the A pocket.
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Differential Display of Eukaryotic Messenger RNA
by Means of the Polymerase Chain Reaction

Peng Liang* and Arthur B. Pardee

Effective methods are needed to identify and isolate those genes that are differentially
expressed in various cells or under altered conditions. This report describes a method to
separate and clone individual messenger RNAs (mRNAs) by means of the polymerase
chain reaction. The key element is to use a set of oligonucleotide primers, one being
anchored to the polyadenylate tail of a subset of MRNAs, the other being short and arbitrary
in sequence so that it anneals at different positions relative to the first primer. The mRNA
subpopulations defined by these primer pairs were amplified after reverse transcription and
resolved on a DNA sequencing gel. When multiple primer sets were used, reproducible
patterns of amplified complementary DNA fragments were obtained that showed strong
dependence on sequence specificity of either primer.

Higher organisms contain about 100,000
different genes, of which only a small frac-
tion, perhaps 15%, are expressed in any
individual cell. It is the choice of which
genes are expressed that determines all life
processes—development and differentiation
(1), homeostasis, response to insults, cell
cycle regulation (2, 3), aging, and even
programmed cell death. The course of nor-
mal development as well as the pathological
changes that arise in diseases such as cancer
(4), whether caused by a single gene muta-
tion or a complex of multigene effects, are
driven by changes in gene expression. Al-
tered gene expression lies at the heart of the
regulatory mechanisms that control cell
biology. Comparisons of gene expression in
different cell types provide the underlying
information we need to analyze the biolog-
ical processes that control our lives.
Current methods to distinguish mRNAs
in comparative studies rely largely on the
subtractive hybridization technique (5). A
fingerprinting technique for mRNAs by
two-dimensional  (2-D) electrophoresis,
such as has been used extensively in detect-
ing cellular protein species (6), would be
very useful. Reproducibility should be suffi-
cient so that side-by-side comparisons of
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the mRNAs from different cells are possi-
ble. Furthermore, the identified spots
should be usable for identifying and isolat-
ing the corresponding genes, mRNAs, or
cDNAs. When protein gels were used frus-
tration often followed because of the inabil-
ity to obtain enough of the identified pro-
teins for molecular characterization (7).
Our method is directed toward the iden-
tification of differentially expressed genes
among the approximately 15,000 individual
mRNA species in a pair of mammalian cell
populations (8), and then recovering their
cDNA and genomic clones. The general
strategy is to amplify partial cDNA se-
quences from subsets of mRNAs by reverse
transcription and the polymerase chain re-
action (PCR). These short sequences are
then displayed on a sequencing gel. Pairs of
primers are selected so that each will amplify
DNA from about 50 to 100 mRNAs because
this number is optimal for display on the gel.
Selection of 3’ primers takes advantage
of the polyadenylate [poly(A)] tail present
on most eukaryotic mRNAs (9) to anchor
the primer at the 3’ end of the mRNA, plus
two additional 3’ bases. A primer such as
5'-T,,CA would allow anchored annealing
to mRNAs containing TG located just up-
stream of their poly(A) tails (10). By prob-
ability this primer will recognize one-
twelfth of the total mRNA population be-
cause there are 12 different combinations of
the last two 3’ bases, omitting T as the
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