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as single-nucleotide polymorphism analysis,
where single-mismatch resolution, sensitivity,
cost, and ease of use are important factors.
Moreover, the sensitivity of this system, which
has yet to be totally optimized, points toward a
potential method for detecting oligonucleotide
targets without the need for target amplification
schemes such as the polymerase chain reaction.
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Printing Proteins as Microarrays
for High-Throughput Function
Determination

Gavin MacBeath'* and Stuart L. Schreiber?

Systematic efforts are currently under way to construct defined sets of cloned
genes for high-throughput expression and purification of recombinant proteins.
To facilitate subsequent studies of protein function, we have developed min-
iaturized assays that accommodate extremely low sample volumes and enable
the rapid, simultaneous processing of thousands of proteins. A high-precision
robot designed to manufacture complementary DNA microarrays was used to
spot proteins onto chemically derivatized glass slides at extremely high spatial
densities. The proteins attached covalently to the slide surface yet retained
their ability to interact specifically with other proteins, or with small molecules,
in solution. Three applications for protein microarrays were demonstrated:
screening for protein-protein interactions, identifying the substrates of protein
kinases, and identifying the protein targets of small molecules.

Historically, genome-wide screens for protein
function have been carried out with random
c¢DNA libraries. Most frequently, the libraries
are prepared in phage vectors and the expressed
proteins immobilized on a membrane by a
plaque lift procedure. This method has been
effective for a variety of applications (/—4), but
it has several limitations. Most clones in the
library do not encode proteins in the correct
reading frame, and most proteins are not full-
length. Bacterial expression of eukaryotic genes
frequently fails to yield correctly folded pro-
teins, and products derived from abundant tran-
scripts are overrepresented. Moreover, because
plaque lifts are not amenable to miniaturization
on the micrometer scale, it is hard to imagine
screening all the proteins of an organism hun-
dreds or thousands of times by this approach.

With the advent of high-throughput molec-
ular biology, it is now possible to prepare large,
normalized collections of cloned genes. Uni-
Gene sets in the form of polymerase chain
reaction products have been used extensively
over the past decade to construct DNA microar-
rays for the study of transcriptional regulation
(5). Recently, spatially segregated clones in ex-
pression vectors were used to study protein
function in vivo using the yeast two-hybrid
system (6) and in vitro using biochemical as-
says (7). We have built on these efforts by
developing microarray-based methods to study
protein function.

To accomplish these goals, it is necessary to
immobilize proteins on a solid support in a way
that preserves their folded conformations. One
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group has described methods of arraying func-
tionally active proteins, using microfabricated
polyacrylamide gel pads to capture their sam-
ples and microelectrophoresis to accelerate dif-
fusion (8). In contrast, we have immobilized
proteins by covalently attaching them to the
smooth, flat surface of glass microscope slides.
One of our primary objectives in pursuing this
approach was to make the technology easily
accessible and compatible with standard instru-
mentation. We use a variety of chemically de-
rivatized slides that can be printed and imaged
by commercially available arrayers and scan-
ners. For most applications, we use slides that
have been treated with an aldehyde-containing
silane reagent (9). The aldehydes react readily
with primary amines on the proteins to form a
Schiff’s base linkage. Because typical proteins
display many lysines on their surfaces as well
as the generally more reactive a-amine at their
NH,-termini, they can attach to the slide in a
variety of orientations, permitting different
sides of the protein to interact with other pro-
teins or small molecules in solution.

To fabricate protein microarrays, we use a
high-precision contact-printing robot (10) to de-
liver nanoliter volumes of protein samples to
the slides, yielding spots about 150 to 200 pwm
in diameter (1600 spots per square centimeter).
The proteins are printed in phosphate-buffered
saline with 40% glycerol included to prevent
evaporation of the nanodroplets. It is important
that the proteins remain hydrated throughout
this and subsequent steps to prevent denatur-
ation. After a 3-hour incubation, the slides are
immersed in a buffer containing bovine serum
albumin (BSA). This step not only quenches
the unreacted aldehydes on the slide, but also
forms a molecular layer of BSA that reduces
nonspecific binding of other proteins in subse-
quent steps.

Although appropriate for most applications,
aldehyde slides cannot be used when peptides
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or very small proteins are printed, presumably
because the BSA obscures the molecules of
interest. For such applications, we use BSA-
NHS (BSA-N-hydroxysuccinimide) slides that
are fabricated by first attaching a molecular
layer of BSA to the surface of glass slides and

Protein G FRB

p50

! 1mm
Fig. 1. Detecting protein-protein interactions
on glass slides. (A) Slide probed with BODIPY-
FL-1gG (0.5 pg/ml). (B) Slide probed with Cy3-
IkBa (0.1 pg/ml). (C) Slide probed with Cy5-
FKBP12 (0.5 p.g/ml) and 100 nM rapamycin. (D)
Slide probed with Cy5-FKBP12 (0.5 ng/ml) and
no rapamycin. (E) Slide probed with BODIPY-
FL-IgG (0.5 ug/ml), Cy3-IkBa (0.1 pg/ml), Cy5-
FKBP12 (0.5 p.g/ml), and 100 nM rapamycin. In
all-panels, BODIPY-FL, Cy3, and CyS5 fluores-
cence were false-colored blue, green, and red,
respectively.

Fig. 2. A single slide holding 10,800 spots. Pro-
tein G was printed 10,799 times. A single spot of
FRB was printed in row 27, column 109. The slide
was probed with BODIPY-FL-IgG (0.5 ng/ml),
Cy5-FKBP12 (0.5 pg/ml), and 100 nM rapamy-
cin. BODIPY-FL and CyS5 fluorescence were false-
colored blue and red, respectively.
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then activating the BSA with N,N'-disuccinimi-
dyl carbonate (/7). The activated lysine, aspar-
tate, and glutamate residues on the BSA react
readily with surface amines on the printed pro-
teins to form covalent urea or amide linkages.
The slides are then quenched with glycine. In
contrast to the aldehyde slides, proteins or pep-
tides printed on BSA-NHS slides are displayed
on top of the BSA monolayer, rendering them
accessible to macromolecules in solution.

As a first application of protein microarrays,
we have looked at protein-protein interactions.
Until now, only the yeast two-hybrid system
has been used to investigate such interactions
systematically on a genome-wide scale (6).
This in vivo method, although easy to imple-
ment and of great utility, has several limitations.
Proteins that function as transcriptional activa-
tors yield false positives when expressed as
DNA binding domain fusions. False negatives
are encountered when proteins are displayed
inappropriately or when the DNA binding do-
main fusions are produced in excess. Proteins
that do not fold correctly in yeast are inacces-
sible, and posttranslational modifications (such
as phosphorylation or glycosylation) cannot be
controlled. Finally, it is impossible to control
the environment (e.g., ion concentration, pres-
ence or absence of cofactors, temperature) dur-
ing the experiment.

To determine whether microarrays could be
used for these types of studies, we selected three
pairs of proteins that are known to interact:
protein G and immunoglobulin G (IgG) (/2);
p50 (of the nuclear factor NF-kB complex) and
the NF-«kB inhibitor IkBa (/3); and the
FKBP12-rapamycin binding (FRB) domain of
FKBP-rapamycin-associated protein (FRAP)
and the human immunophilin FKBP12 (12 kD
FK506-binding protein) (/4). The first two in-
teractions occur without special requirements,
whereas the third interaction depends on the
presence of the small molecule rapamycin (/4).
We arrayed the first protein of each pair in
quadruplicate on five aldehyde slides and
probed each slide with a different fluorescently
labeled protein (/7).

The slide in Fig. 1A was probed with
BODIPY-FL—conjugated IgG, washed, and

¢ Row 27

scanned with an ArrayWoRx fluorescence slide
scanner (/5). As anticipated, only the spots
containing protein G were visible, indicating
that the immobilized protein is able to retain its
functional properties on the glass surface. Sim-
ilarly, only the pS0-containing spots were visi-
ble on the slide probed with Cy3-IkBa (Fig.
1B) (I5). For Cy5-FKBPI12, binding to FRB
was observed only when rapamycin was added
(Fig. 1, C and D). Because the three fluoro-
phores used for these studies have nonoverlap-
ping excitation and emission spectra, we were
also able to detect these interactions simulta-
neously (Fig. 1E).

By varying the concentration of FRB (the
protein being immobilized), we found that at
concentrations above 1 mg/ml, the fluorescence
of the spots began to saturate. Below this, flu-
orescence scaled linearly with decreasing con-
centrations of FRB. All proteins immobilized
on the slides described here were spotted at 100
g/ml. Because only a few microliters of each
protein are sufficient to fabricate thousands of
microarrays, purified proteins may be readily
obtained by high-throughput expression and
purification, or even by in vitro transcription/
translation (/6).

Much lower concentrations are needed for
the solution-phase protein. In the case of
Cy5-FKBP12, fluorescence scaled linearly
with protein concentration over four orders of
magnitude (/). Specific binding could be
detected using Cy5-FKBP12 concentrations
as low as 150 pg/ml (~12.5 pM). Concentra-
tions in this range are accessible not only
with purified proteins, but also with fluores-
cently labeled proteins from cell lysates.
Thus, specific interactions, once defined,
may potentially be exploited to quantify pro-
tein abundance and modification in whole
cells or tissues.

At the spot density used for these studies, it
was possible to fit more than 10,000 samples in
about half the area of a standard (2.5 cm by 7.5
cm) slide. To investigate the feasibility of de-
tecting a single specific interaction in this
larger context, we prepared a slide containing
60 rows and 180 columns of spatially sepa-
rated spots. Protein G was spotted 10,799

,‘ Column 109
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times on this slide, with a single spot of FRB in
row 27, column 109. The slide was then probed
with a mixture of BODIPY-FL-IgG and Cy5-
FKBP12, with 100 nM rapamycin included in
the buffer. Figure 2 shows the single FRB spot,
clearly visible in the sea of protein G spots.

Although it is of great value to identify
stable protein-protein interactions in a system
such as a cell or tissue, it is equally impor-
tant to define the transient interactions that
occur between enzymes and their sub-
strates. Protein microarrays offer an ideal
system, for example, for the rapid and par-
allel identification of the substrates of pro-
tein kinases. To investigate this application, we
chose three different kinase-substrate pairs:
adenosine 3’,5’-monophosphate—dependent
protein kinase (PKA) and Kemptide (a pep-
tide substrate for PKA) (17); casein kinase II
(CKII) and protein phosphatase inhibitor 2
(I-2) (18); and p42 mitogen-activated pro-
tein (MAP) kinase (Erk2) and Elk1 (19).
The protein substrates of each pair were
spotted in quadruplicate onto three BSA-
NHS slides, and each slide was incubated
with a different kinase in the presence of
[y->3P]adenosine triphosphate.

Although isotopic labeling of the protein
spots is the most direct way to identify phos-
phorylation, the challenge lies in detecting
the radioactive decay. Neither x-ray film nor
conventional Phosphorlmagers offer suffi-
cient spatial resolution to visualize the spots,
which are 150 to 200 pm in diameter. Bor-
rowing from the technique of isotopic in situ
hybridization, we dipped the slides in a pho-
tographic emulsion and developed them man-
ually; this resulted in the deposition of silver
grains directly on the glass surface. The slides
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Fig. 3. Detecting the substrates of protein ki-
nases on glass slides. (A) Slide incubated with
the catalytic subunit of PKA. (B) Slide incubated
with CKIl. (C) Slide incubated with p42 MAP
kinase (Erk2).
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were then visualized using an automated light
microscope (20) and individual frames were
stitched together. As anticipated, only the
specific substrates for each enzyme were phos-
phorylated (Fig. 3).

As the third and most demanding applica-
tion, we sought to use protein microarrays to
identify protein—small molecule interactions.
With the advent of high-throughput, cell-
based screening, more and more compounds

.are being identified on the basis of their

biological activity. Once a “hit” is obtained,
the daunting task of target identification re-
mains. Several innovative techniques have
been developed to address this bottleneck (4,
21-23), but they all suffer from the common
limitations imposed by using random cDNA
libraries. As an alternative, we sought to de-
velop microarray-based assays that use puri-
fied, full-length, correctly folded proteins.

To test this approach, we chose three un-
related small molecules for which specific
protein receptors are available: DIG, a deriv-
ative of the steroid digoxigenin that is recog-
nized by a mouse monoclonal antibody (24);
biotin, a common vitamin recognized by the
bacterial protein streptavidin (25); and
AP1497 (Fig. 4), a synthetic pipecolyl a-ke-
toamide designed to be recognized by
FKBP12 (26). The proteins from all three
pairs were spotted in quadruplicate on four
aldehyde slides, and each slide was probed
with a different small molecule. Rather than
labeling the compounds directly, each ligand
was coupled to BSA that had previously been
labeled with a unique fluorophore (Alexa,gg,
Cy3, or Cy5) (I5). As anticipated, fluores-
cence localized to the appropriate spots in all
three cases (Fig. 5, A to C). Because the
fluorophores used for these studies have non-
overlapping excitation and emission spectra,
we were also able to detect all three interac-
tions simultaneously (Fig. 5D).

To investigate our ability to detect low-
affinity interactions, we prepared Cy3-BSA
conjugates of compounds AP1497, AP1767,
and AP1780 (Fig. 4; dissociation constants
for FKBP12 of 8.8 nM, 140 nM, and 2.6 pM,
respectively). When three identical slides dis-
playing FKBP12 were probed in parallel,
spots with comparable fluorescence intensi-
ties were obtained for all three conjugates
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Fig. 4. Synthetic ligands for FKBP12. The com-
pounds were coupled to BSA through their

carboxyl groups (via a flexible linker).

(11). This means that interactions in the mi-
cromolar range can easily be observed. The
fact that the intensity of the fluorescence did
not vary appreciably as the affinity of the
interaction was lowered can be attributed to
the multivalency of the BSA conjugates
(avidity effects). In the context of small-mol-
ecule microarrays (27), we have previously
shown that when these three compounds are
immobilized on a glass surface and then
probed with Cy5-labeled FKBP12 (a mono-
meric protein), the intensity of the fluores-
cence correlates very well with the affinity of
the interaction. Thus, by controlling the va-
lency of the probe, we can choose whether to
observe differences in affinity or to favor the
detection of low-affinity interactions. The
combination of these two approaches may
prove useful in the identification of both pri-
mary and secondary drug targets.

Although traditional biochemical methods
have yielded invaluable insight into protein
function on a case-by-case basis, they cannot
realistically be applied to the study of every
protein in a cell, tissue, or organism. If we
hope to assign function on a broader level, we
must turn to miniaturized assays that can be
performed in a highly parallel format. It is
certainly a daunting task to express and pu-
rify thousands of different proteins, and some

Anti-DIG FKBP12

Streptavidin

L ]
| | 1
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Fig. 5. Detecting the targets of small molecules
on glass slides. (A) Slide probed with Alexa,gq-
BSA-DIG. (B) Slide probed with CyS-BSA-biotin.
(C) Slide probed with Cy3-BSA-AP1497. (D) Slide
probed with Alexa,g,-BSA-DIG, Cy5-BSA-biotin,
and Cy3-BSA-AP1497. All conjugates were used
at a concentration of 10 pwg/ml In all panels,
Alexagq, Cy3, and Cy5 fluorescence were false-
colore‘gsblue, green, and red, respectively.
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proteins will inevitably prove refractory to
biochemical manipulation. Nonetheless, the
effort will be worthwhile if the many proteins
that are amenable can be assayed both simul-
taneously and repeatedly. By fabricating pro-
tein microarrays, we can fulfill both these
criteria, facilitating the in vitro study of pro-
tein function on a genome-wide level.
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The Global Spread of Malaria in
a Future, Warmer World

David J. Rogers'* and Sarah E. Randolph?

The frequent warnings that global climate change will allow falciparum malaria
to spread into northern latitudes, including Europe and large parts of the United
States, are based on biological transmission models driven principally by tem-
perature. These models were assessed for their value in predicting present, and
therefore future, malaria distribution. In an alternative statistical approach, the
recorded present-day global distribution of falciparum malaria was used to
establish the current multivariate climatic constraints. These results were ap-
plied to future climate scenarios to predict future distributions, which showed
remarkably few changes, even under the most extreme scenarios.

Predictions of global climate change have stim-
ulated forecasts that vector-borne diseases will
spread into regions that are at present too cool
for their persistence (/—5). For example, life-
threatening cerebral malaria, caused by Plas-
modium falciparum transmitted by anopheline
mosquitoes, is predicted to reach the central or
northern regions of Europe and large parts of
North America (2, 4). falciparum malaria is the
most severe form of the human disease, causing
most of the ~1 million deaths worldwide
among the ~273 million cases in 1998 (6).
Despite these figures, the epidemiology of ma-
laria, like many other vector-borne tropical dis-
eases, remains inadequately understood. Only
the most general of maps for its worldwide
distribution are available (7), and its global
transmission patterns cannot be modeled satis-
factorily because crucial parameters and their
relations with environmental factors have not
yet been quantified. Most importantly, absolute
mosquito abundance has not yet been related to
multivariate climate.

Nevertheless, the problem of malaria has led
to its being included in most predictions about
the impact of climate change on the future
distribution of vector-borne diseases (&). These
studies, which draw on the forecasts of future
climate from various global circulation models
(GCMs) (9, 10), generally use only one or at
most two climatic variables to make their pre-
dictions. Biological models for malaria distri-
bution are based principally on the temperature
dependence of mosquito blood-feeding inter-
vals and longevity and the development period
of the malaria parasite within the mosquito,
each of which affects the rate of transmission
(4, 11). Those models based on threshold val-
ues include a lower temperature threshold, be-
low which all development of the malaria par-
asite ceases, and an upper limit of mosquito
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lethality (2). In addition, the suitability (or un-
suitability) of habitats for these vectors, which
require a minimum atmospheric moisture, is
defined by the ratio of rainfall to potential
evapotranspiration (2). The output of such mod-
els, therefore, represents predicted areas where
parasite development within the vector is fast
enough to be completed before the vector dies,
bounded by limits imposed by habitat suitabil-
ity (2). The fit of these predictions to the current
global malaria situation shows noticeable mis-
matches in certain places (/2); false predictions
of presence (e.g., over the eastern half of the
United States) are accounted for by past control
measures or by “peculiar vector biogeography,”
whereas false predictions of absence are dis-
missed as model errors (2).

Refinements of these biological models (3—
5) are based on modifications of an equation
describing transmission potential, expressed as
the basic reproduction number R,, which must
equal at least 1 for disease persistence (13, 14).
For an estimation of the correct value of R,
from which to predict malaria distribution, ab-
solute, not relative, estimates of all quantities in
the equation are needed. Instead, by omitting
certain unquantified but important parameters
and rearranging the equation (15), a relative
measure of “epidemic potential” (EP) [pow
“transmission potential” (5)] has been derived
as the reciprocal of the vector/host ratio re-
quired for disease persistence. This predicts a
more extensive present-day distribution of ma-
laria than is currently observed (12). The ratio
of future EP to present EP is then presented as
indicating the relative degree of the future risk
of malaria, but this is an inappropriate measure
of changing risk because a high ratio may still
leave R, < 1.

Until such biological approaches can give
accurate descriptions of the current situation of
global malaria, they cannot be used to give
reliable predictions about the future. Instead, an
alternative two-step statistical approach to map-
ping vector-borne diseases gave a better de-
scription of the present global distribution of
falciparum malaria and predicted remarkably
few future changes, even under the most ex-

1763


(http:/lcmgm.stanford.edu/pbrown/)

