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The first version of the signal hypothesis (1971) proposed the presence of a signal
sequence (X) in the nascent polypeptide chain. This sequence was predicted to be recog-
nized by a “binding factor” that mediates binding to the ER membrane.

The three-dimensional reconstruction of the ribosome — Sec61 complex (1997) reveals the
alignment of the tunnel in the large ribosomal subunit (blue) and the protein-conducting
channel of Sec61 (red).
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Figure 1. VanR. Potter,
1964. Mc Ardle Laboratory,
University of Wisconsin,
Madison, Wisconsin.
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Prologue

| began research in the sixties, first as a graduate student in the
laboratory of Van R. Potter (Figure 1) at the McArdle Institute for
Cancer Research of the University of Wisconsin in Madison. |
continued as a postdoctoral fellow in the laboratory of George E.
Palade (Figure 2) at The Rockefeller Uni-
versity in New York City. At that time, the
intracellular pathway of secretory pro-
teins, from their synthesis to their extru-
sion from the cell, the so-called “secre-
tory pathway”, had already been worked
out by George Palade and his co-workers,
primarily Philip Siekevitz, Jim Jamieson,
and Lucien Caro (for review see the 1974
Nobel lecture by George Palade!™). Using
pulse-chase labeling with radioactive
amino acids in tissue slices in conjunction
with cell fractionation and autoradiogra-
phy, Palade and co-workers established
that, during or shortly after their syn-
thesis, secretory proteins cross the rough
(ribosome-studded) endoplasmic reticu-
lum (ER) membrane. It was proposed that
translocation across the ER yields segre-
gation of secretory proteins from cyto-
solic proteins. From the ER, secretory
proteins are transported via vesicular
carriers through the cisternae of the
Golgi apparatus. Finally, vesicular carriers
budding from the trans-cisternae of the
Golgi complex were observed to fuse
with the plasma membrane, yielding
externalization or exocytosis of the se-
cretory proteins (Figure 3). The biochem-

Figure 3. The secretory pathway. Secretory proteins (indicated in red) are
synthesized on ribosomes bound to the endoplasmic reticulum (ER). They are then
transported via vesicular carriers through the Golgi complex and are finally
exocytosed. This simple cartoon does not show important branches: 1. The
branch for lysosomal proteins from the distal Golgi cisternae and the branch for
peroxisomal membrane proteins from the ER. 2. The retrograde recycling
branches of this pathway, including endocytosis. 3. Most importantly, essentially
all integral membrane proteins (except for those of mitochondria and
chloroplasts) share this pathway.

attachment to other organelles. Once attached to their “cog-
nate” organelles, the translation products might then be
vectorially transported into these organelles.? Another idea
was that free and organelle-bound ribosomes might differ in
their composition. The distinct organelle-bound ribosomes
might function to select “cognate” mRNAs to the organelles,
again via cognate untranslated regions. These and other ideas
were frequently discussed in the Palade laboratory in the late
sixties.

The first version of the signal hypothesis

Figure 2. George E. Palade,
1970. The Rockefeller Uni-
versity, New York.

ical mechanisms underlying this pathway
were unknown at that time.

Several reports in the mid-sixties sug-
gested that mRNAs for secretory proteins
are sequestered in rough microsomes that represent the
vesicular remnants of the fractured rough ER. However, it was
not clear how the sequestration of these mRNAs was accom- [
plished. One possibility was that an untranslated region that
might be common to all mRNAs coding for secretory proteins
mediated their attachment to the ER membrane. Other such
distinct untranslated regions of other mRNAs might mediate

David Sabatini (Figure 4) and | tested one of these ideas, namely
whether free and ER-bound ribosomes differ in their protein
composition. We used one-dimensional sodium dodecyl sulfate
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* T (SDS) polyacrylamide gel electrophoresis ;
(PAGE). Although this method did not I o e
resolve all ribosomal proteins, we could L
not detect significant differences in the _, |
protein pattern between these two ribo-
some populations. Therefore, we disfa- :‘_1"_:- AP Ay P
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ER of mRNAs coding for secretory pro- - f i
teins occurs via distinct features of ER- P
bound ribosomes. :
Instead, we hypothesized in 1971 that
selection of mRNA to the ER membrane is
not via direct binding of the mRNA itself,
but rather via binding of its nascent
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Figure 5. The signal hypothesis in its first version (1971). We announced this idea
at a symposium on biomembranes in 19715 and published it in the proceedings
of this symposium. To us the idea was very appealing, even though there was

essentially no evidence for it. The signal sequence is indicated by an “X” and was

Figure 4. David D. Sabati-
ni, 1970. The Rockefeller
University, New York.

translation product.’! We postulated that
all mRNAs for secretory proteins code for
a signatory amino-terminal sequence element that is recognized
by a soluble factor that, in turn, binds the nascent chain -ribo-
some complex to the ER membrane (Figure5). We also
postulated that ribosomes, free or ER-bound, are indistinguish-
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predicted to be recognized by a “binding factor” that mediates binding to the ER
membrane. The signal sequence was not indicated to be a transient feature of the
nascent protein, although it occurred to us that it may no longer be present in the
mature secreted protein. After completion of translocation the ribosome was
predicted to be dissociated into subunits that would join a cytoplasmic pool. No
specific proposals were yet made as to how the chain crosses the membrane.
(Reprinted from ref. [3] with permission.)

able and that they cycle between an ER-bound and a cytosolic
pool. At this point, there were only a few sequences of secretory
proteins established and there was no evidence that these
proteins share a common amino-terminal sequence element.
However, it occurred to us that such an amino-terminal
sequence tag might be a transient and not a permanent feature
of nascent secretory proteins. Therefore, we had no hesitation to
publish this idea.® Nevertheless, our proposals at this point were
pure speculation without any supporting evidence.

To experimentally test the predictions of this hypothesis, we
sought to develop a cell-free system, in which protein translation
and protein translocation across microsomal membrane vesicles
was faithfully recapitulated. We hoped to reconstitute such an in
vitro system from defined components. To accomplish this, we
began with a series of deconstruction experiments. We started
with polysomes. Using puromycin and high concentrations of
salt, we isolated functional ribosomal subunits® and mRNA still
attached to its binding proteins.>7 Using the same methods, we
succeeded in disassembling rough microsomes. This yielded a
virtually mRNA- and ribosome-free membrane fraction.®! We also
isolated “native” small ribosomal subunits that contained trans-
lation initiation factors. These initiation factors could be
dissociated as multi-subunit complexes.”” '@ With these compo-
nents in hand, we then attempted to reconstruct a functional
protein translation/translocation system from defined compo-
nents.

While these deconstruction experiments were going on, two
important papers appeared in 1972 from the laboratories of
Philip Leder™ and of Cesar Milstein.'? These investigators
studied translation of poly(A)-containing mRNAs from myeloma
cells (containing primarily mRNA coding for the light chain of
IgG) in a cell-free system that lacked microsomal vesicles. The
translation yielded one major product that was larger by about
2 -3 kilodaltons (kDa) than the mature light chain of IgG which
was secreted from the myeloma cells. By peptide mapping of the
radioactively labeled translation product they could show that it
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Figure 6. Bernhard Dob-
berstein, 1975. The Rocke-
feller University, New York.
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contained an extension located at the amino terminus. A partial
sequence of this amino-terminal extension was subsequently
established by Schechter and colleagues'™ and revealed a
preponderance of hydrophobic residues.

Could this additional peptide function as the determinant for
attachment to the ER and subsequent translocation across the
ER, as we had postulated in 1971? Or was the larger form the
result of an in vitro translation artifact, for example, perhaps the
consequence of an erroneous upstream initiation? Interestingly,
in vitro completion of nascent chains in isolated rough micro-
somes of myeloma cells yielded the mature light chain and not
the larger form.'? Therefore, it was suggested that the micro-
somal membranes might contain a protease that converts the
larger form into the mature form of the light chain of IgG by
removing its amino-terminal extension.!'?

Signal peptidase

Together with Bernhard Dobberstein (Figure 6), we succeeded in
reproducing! the results of Leder’s and Milstein’s laboratories.
We translated poly(A)-containing mRNA
from myeloma cells in a cell-free trans-
lation system that was reconstructed
from heterologous components. We ob-
tained a major polypeptide (Figure?7,
lane 1) that was larger by about 3 kDa
than the mature form of the light chain
that was secreted from these myeloma
cells (Figure 7, lane 2).

To address the question of whether the
larger form of the IgG light chain was a
physiological precursor of the mature
chain or an in vitro artifact, we were
guided by three conjectures. First, the
processing  enzyme  (subsequently
termed signal peptidase) is a mem-
brane-associated protease, as had been postulated by Milstein
and co-workers.'' Therefore, this enzyme might be solubilized
when isolated rough microsomes are treated with detergent; the
“detached” polysomes that could subsequently be sedimented
by centrifugation might therefore be free
of signal peptidase. Second, as the signal
sequence was presumed to mediate the
attachment of the ribosome to the cis-
side of the membrane (see Figure 5), the
signal peptidase activity is likely associ-
ated with the trans-side of the micro-
somal membrane. This would assure that
signal sequence removal occurs only
after signal-sequence-mediated attach-
ment on the cis-side of the membrane.

REVIEW

1 Z 3

-
= J'-.-' [ H Fre=-Light chain (pLi)
** Mature Light chain (mLi)

Figure 7. Synthesis of the large (pLi) and mature form (mLi) of the light chain of
1gG. P5SImethionine-labeled proteins were separated by SDS-PAGE and visualized
by autoradiography. Lane 1: translation products of poly(A)-containing mRNAs
isolated from myeloma cells; lane 2: mature light chains secreted from myeloma
cells; lane 3: in vitro readout of polysomes (“detached polysomes”) prepared by
detergent solubilization from isolated rough microsomes of myeloma cells.
(Reprinted from ref. [14] with permission.)

translocationally”, that is, during but not after translation and
translocation were completed. Hence, in “detached polysomes”,
the ribosomes near the 5 end of the mRNA might contain
nascent chains with a signal sequence. In contrast, ribosomes
located near the 3’ end of the mRNA should contain nascent
chains that already had their signal peptide removed (see model
in Figure 8).

In agreement with these assumptions, we observed that
nascent chains present in detached polysomes can be com-
pleted in a cell-free translation system (in the presence of an
initiation inhibitor to prevent re-initiation) to yield both the
larger and the mature forms of the light chain (Figure 7, lane 3).
Moreover, in a time course experiment, we observed that
nascent chains lacking a signal peptide were completed first,
followed by the completion of chains still containing their signal
peptide (Figure 9). These results supported the notion that
microsomal ribosomes near the 3’end of mRNA contained
nascent chains from which the signal sequence had already been
removed, co-translationally and co-translocationally. In contrast,
ribosomes near the 5" end still contained their signal sequence.
This signal sequence could no longer be cleaved as the signal
peptidase had been removed during the preparation of the
“detached polysomes”. These “readout” data with “detached
polysomes” suggested that a completed larger form of the light
chain of 1gG is indeed an in vitro artifact. In vivo, the signal
peptide is cleaved off the nascent chain but cannot be cleaved

Figure 8. The 1975 version of the signal hypothesis. Signal peptidase, not indicated in this figure, was

postulated to be associated with the trans-side of the microsomal membrane. When the membrane is

Third, after signal-sequence-mediated
attachment to the membrane the signal
sequence would be translocated across
the membrane and thereby gain access
to its trans-side. There it would be
cleaved “co-translationally” and *“

CHEMBIOCHEM 2000, 1, 86-102

solubilized by detergent, signal peptidase would be absent in isolated detached polysomes. The detached
polysomes should contain two kinds of chains: those still containing their signal peptide at the N terminus and
those with their signal peptide cleaved off by signal peptidase. If signal peptide cleavage occurs during
translocation, then those ribosomes near the 3' end of mRNA should contain chains without signal peptide and
those near the 5 end of mRNA should still contain their signal peptide. In a time course of translation one
should therefore first see the completion of chains that have lost their signal peptide and then the completion of
co- chains that still contain their signal peptide.
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Figure 9. Time course of readout of “detached polysomes” (see Figures 7 and 8)
from myeloma cells in a cell-free translation system. [**S]methionine-labeled
proteins were separated by SDS-PAGE and visualized by autoradiography. Lane 1:
major in vitro translation products of poly(A)-containing mRNAs from myeloma
cells; lane 2: light chains secreted from myeloma cells; lanes 1, 6, 9, 18: readout
products from detached polysomes after 1, 6, 9, and 18 min of incubation in a
translation system in the presence of an inhibitor of initiation. (Reprinted from
ref. [14] with permission.)

off the completed chain. Hence, the completed larger form is not
a physiological precursor of the mature form of the light chain.

Reconstitution of co-translational translocation

The data on signal sequence removal provided us with
important clues for our subsequent attempts to reconstitute
translation and translocation of the light chain of IgG. In view of
the signal hypothesis, it appeared unlikely that the larger form
would be translocation-competent. That is, cell free synthesis of
the completed larger form in the absence of membranes
followed by post-translational incubation of the reaction mixture
with microsomal membrane vesicles was unlikely to yield
translocation and conversion of the larger form to the mature
form. Indeed, we found that the post-translational addition of
microsomal vesicles to the in vitro translation reaction mixture
containing the larger form of the light chain of IgG did not yield
conversion to the mature form.

At this point, we experienced an extremely frustrating period
in our efforts to reconstitute co-translational translocation. All
microsomal vesicle preparations that we prepared from several
tissues of the usual laboratory animals (mice, rats, chicken,
guinea pigs, pigeons, and rabbits) severely inhibited the syn-
thesis of the light chain of IgG in the translation reaction. As
translation was completely inhibited by the added microsomal
membranes, we were not able to detect translation-coupled
translocation across these membranes. A way out of this
dilemma came in December of 1974. The chance arose to
prepare and test yet another rough microsome preparation from
yet another source: canine pancreas. Surprisingly, addition of
canine pancreas microsomal membranes to the translation
reaction did not inhibit translation! And, indeed, analysis of the
translation products by SDS-PAGE showed that in the co-
translational presence of microsomal vesicles most of the light
chain was synthesized in its mature form (Figure 10, lane 3).1'
This strongly suggested that the signal sequence of the nascent
chain engaged the translocation machinery of the membrane
and gained access to signal peptidase on the trans-side of the
membrane. The mature chain co-sedimented with the vesicles,
suggesting that it was segregated within the vesicle lumen.

As a control, we also translated rabbit reticulocyte mRNA.'!
Translation of this mRNA yielded primarily the two globin chains
(Figure 10, lane 1). The two globin chains are cytosolic proteins
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Figure 10. Reconstitution of translocation. Poly(A)-containing mRNA form
rabbit reticulocytes (coding primarily for the two globin chains) and from
myeloma cells (coding primarily for the pre-light chain of IgG) were translated in
the absence or presence of canine pancreas rough microsomes. Aliquots were
post-translationally incubated in the absence or presence of protease. [*°S]me-
thionine-labeled translation products were separated by SDS-PAGE and visualized
by autoradiography. Note that the mature light chain is synthesized only in the
co-translational presence of microsomes and is protected from protease.
(Reprinted from ref. [15] with permission.)

and therefore should not contain a signal sequence for trans-
location into the ER lumen. Moreover, there should not be any
shortening of the two globin chains as a result of signal
peptidase cleavage in the co-translational presence of pancreas
microsomal vesicles. Indeed, we did not observe conversion to
smaller forms of the two globin chains in the co-translational
presence of microsomal membranes (Figure 10, lane 3). Unex-
pectedly, however, the two globin chains co-sedimented with
the microsomal vesicles. Could co-sedimentation result from co-
translational segregation of the two globin chains into the
lumen of the ER? Or was co-sedimentation of the two globin
chains with the microsomal vesicles the consequence of non-
specific binding of the newly synthesized globin chains to the
cis-side of the vesicle membrane rather than of translocation to
the trans-side of the vesicle membrane, that is, into the vesicle
lumen? To distinguish between these possibilities, we carried
out post-translational incubation with proteolytic enzymes. We
had shown earlier''® that membranes of microsomal vesicles are
sealed in such a way that they protect the content proteins (i.e.,
the proteins contained within) from attack by externally added
proteolytic enzymes while allowing proteolysis of surface-bound
proteins and even detachment of ribosomes. Hence, post-
translational incubation with proteolytic enzymes should dis-
tinguish between proteins bound to the surface of microsomal
vesicles and those segregated in the vesicle lumen. We found
that the two globin chains were largely degraded by post-
translationally added proteases, regardless of whether trans-
lation was carried out in the absence of vesicles (Figure 10,
lane 2) or in the presence of vesicles (Figure 10, lane 4). Most
importantly, post-translational proteolysis of the translation
reaction that was carried out in the presence of microsomal
vesicles yielded degradation of the larger form of the light chain
but not the mature form of the light chain (Figure 10, lane 4).
These results suggested that even in the presence of microsomal
membranes some of the nascent chains failed to engage the
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translocation machinery of the membrane, never gained access
to signal peptidase on the trans-side of the vesicles, and
therefore were completed in the translation reaction as larger
forms. Having not been translocated, the larger forms were
degraded by added proteolytic enzymes.

Together, these data strongly suggested that we had suc-
ceeded in recapitulating the initial events in the secretory
pathway in an in vitro system. This opened the way for
biochemical analysis of protein translocation across the ER.
These experiments marked the beginning of molecular cell
biology. Successful in vitro reconstitution was subsequently
achieved for many other membrane-coupled reactions.

An expanded signal hypothesis

The results of the reconstitution experiments encouraged us to
further elaborate the simple model of 1971 (Figure 5). The most
significant additional postulate was that protein transport across
the microsomal membrane proceeds through a protein-con-
ducting channel (Figure 11).% The protein-conducting channel

Figure 11. Signal hypothesis (1975). Proposal of a protein-conducting channel
(PCC). The PCC was envisaged to be assembled from integral membrane proteins.
The signal sequence, cooperatively with the ribosome, was proposed to gate open
the channel, with the ribosome attaching to the channel. This arrangement
provided for an alignment of a protein-conducting tunnel in the large ribosomal
subunit with the protein-conducting channel in the membrane, allowing
translation-coupled (co-translational) translocation of the chain across the
membrane (see Figure 46 which shows relevant data obtained 22 years later). This
proposal became one of the most controversial aspects of the signal hypothesis.
Other proposals suggested a direct transfer of the nascent protein across the lipid
bilayer. (Reprinted from ref. [14] with permission.)

was envisaged to consist of integral membrane protein subunits.
The signal sequence and the ribosome were proposed to bind to
these subunits and to assemble them into an aqueous channel
(Figure 11) allowing transport of the chain in an aqueous conduit
across the membrane. The concept of a protein-conducting
channel remained controversial for many years until definitive
evidence for it was provided by electrophysiological experi-
ments in 1991171 In the intervening 15 years, alternative
hypotheses that proposed transfer of secretory proteins across
the membrane directly through the lipid bilayer, unassisted by
proteins, flourished and became widely accepted.

We also suggested that integral membrane proteins that
experience a partial translocation of a segment of the nascent
chain to the trans-side of the membrane might use a signal

CHEMBIOCHEM 2000, 1, 86-102
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sequence to initiate translocation. Finally, we predicted that the
translocation of proteins across other cellular membranes, for
example, import of cytoplasmically synthesized proteins into
mitochondria, is mediated by a signal sequence that would be
distinct from that of a secretory protein.

Membrane protein assembly

To test whether an integral membrane protein does, in fact, use a
signal sequence to translocate a domain to the trans-side of the
ER, we studied the glycoprotein of the vesicular stomatitis virus
(G protein of VSV).'"® I This protein is part of the viral membrane
and contains an amino-terminal domain exposed on the surface
of the viral membrane, a single transmembrane segment, and a
carboxy-terminal domain that interacts with the viral capsid. To
achieve this topology in the viral membrane, the amino-terminal
domain of the G protein must be translocated to the trans-side
of the ER, whereas the carboxy-terminal domain needs to remain
untranslocated on the cis-side of the ER.

To accomplish this asymmetric integration into the ER
membrane, we reasoned that a signal sequence, indistinguish-
able from those of secretory proteins, might initiate the
translocation process in the ER. An additional sequence, that
we termed “stop-transfer” sequence, would then terminate the
translocation process. We speculated that the stop-transfer
sequence would open the channel laterally, thereby allowing
displacement of the stop-transfer sequence from the aqueous
protein-conducting channel to the lipid bilayer. The stop-transfer
sequence would then become the transmembrane segment that
is embedded in the lipid bilayer. The carboxy-terminal remainder
of the protein would not be translocated, and would remain on
the cis-side of the membrane (Figure 12).
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Figure 12. Model for catalyzed integration of integral membrane proteins into
the lipid bilayer. The proposal that the initial steps in the integration of membrane
proteins are the same as those for the translocation of secretory proteins was
made already in the 1975 version of the signal hypothesis. Translocation across
the protein-conducting channel was envisaged to be initiated by a signal
sequence, as in the case of secretory proteins. A stop-transfer sequence,
corresponding to the trans-membrane segment of the translocating chain would
be recognized by the PCC and open it laterally. The trans-membrane segment

would then be displaced from the aqueous PCC to the lipid bilayer, resulting in the
closure of the PCC and the integration of the nascent chain into the lipid bilayer.

It should be remembered that in those days there were still no
pure mRNAs available that could be readily obtained by in vitro
transcription from recombinant DNA. All we could do was to
isolate total mMRNA from cells or tissues that contained major
species of mRNA whose translation would give rise to major and
readily detectable translation products. The VSV-infected cell
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Figure 13. Vishwanath
(Vishu) Lingappa, 1979. The
Rockefeller University, New
York.
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was a good model system as most of the
total mRNA from these infected cells
coded for VSV proteins. Of these, the
G protein is the largest and is readily
identifiable on the basis of its migration in
SDS-PAGE. These experiments were done
in collaboration with Harvey Lodish’s
laboratory at the Massachusetts Institute
of Technology (MIT), particularly his grad-
uate student Flora Katz, and by a gradu-
ate student in our laboratory, Vishwanath
(“Vishu”) Lingappa (Figure 13).

As expected, translation of mRNA from
VSV-infected cells yielded the G protein
and other VSV proteins (Figure 14, lane 1,
arrow pointing to G,). However, contrary
to our expectation, in the co-translational
presence of the microsomal vesicles, at least half of the G protein
molecules appeared to be synthesized as a larger form (Fig-
ure 14, lane 3, arrow pointing to G,). Rather than having cleaved

Micrsomes = - 4 4

Frofease = + - 4
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Figure 14. Membrane assembly in vitro. Poly(A)-containing mRNA from VSV-
infected cells was translated in the absence or presence of canine pancreas
microsomal membranes. Equal aliquots were post-translationally incubated in
the absence or presence of protease. The [*S]methionine-labeled translation
products were separated by SDS-PAGE and visualized by autoradiography. G,=
translation product in the absence of membranes; it still contains the amino-

G. Blobel

lational proteolysis experiments showed complete digestion of
G,, whereas G, was converted to a slightly smaller form
(Figure 14, lane 4). This smaller form represented G, that had
lost its carboxy-terminal tail. These post-translational proteolysis
data suggested that the G protein had been correctly integrated
into the microsomal vesicles! As in vivo, the bulky amino-
terminal domain was translocated to the trans-side of the
membrane, whereas the smaller carboxy-terminal domain of
about 40 amino acid residues remained untranslocated on the
cis-side of the membrane. Microsomal vesicles were not only
able to translocate secretory proteins. They were also competent
to asymmetrically integrate membrane proteins and to core-
glycosylate them! These results demonstrated that the asym-
metric integration of membrane proteins is not a spontaneous
event but is catalyzed in the ER, presumably by the same
machinery that mediates the translocation of secretory proteins.

The signal recognition particle

Our next goal now was to deconstruct the translocation
machinery of the microsomes into functional components. It
had been shown that a salt wash of microsomal vesicles removes
an activity that is required for translocation of secretory proteins.
Such salt-washed microsomal vesicles were incapable of co-
translational translocation of secretory proteins that were
synthesized in a wheat germ cell-free
translation system. Addition of the salt
wash to the in vitro translocation system
containing salt-washed microsomal vesi-
cles restored their translocation activi-
ty.2% These data suggested that salt
extracted a membrane-associated activ-
ity that is required for protein transloca-
tion. Peter Walter (shown in an Einstein-
ian pose in Figure 15), a graduate student
in the laboratory, discovered that the
activity of the salt wash vanished after
only a few hours of storage at 0°C. This

Figure 15. Peter Walter,

frustrated all his attempts to purify this
activity until he made the important
discovery that minute concentrations of

1980. The Rockefeller Uni-
versity, New York. Obviously
inspired here by the famous

terminal signal sequence; G, = translation product in the presence of micro-
somes; it is core-glycosylated and has lost its signal sequence; G,AC = a form of

G, that has lost its vesicle-exposed carboxy-terminal tail during post-translational
proteolysis; Si = signal sequence; TMS = transmembrane sequence. (Reprinted
from refs. [18, 19] with permission.)

off a putative signal sequence, the membranes appeared to have
added something to the G protein. We were very puzzled by this
result until it occurred to us that the canine microsomal vesicles
might contain activated oligosaccharides and oligosaccharidyl
transferase to carry out co-translocational core glycosylation of
the Gprotein. The added core sugars might more than
compensate in mass for the loss of a signal sequence and
therefore result in a slower migration in SDS-PAGE. Biochemical
characterization of both the G, and the G, species indeed
confirmed that G, contained an amino-terminal signal sequence
that was structurally and functionally equivalent to those of
secretory proteins.'® ' The G, species had lost its signal
sequence and had acquired core sugars. Moreover, post-trans-

92

photo of Einstein.

the non-ionic detergent Nikkol stabilized
the activity. We reasoned that Nikkol
protected a hydrophobic site of the activity, perhaps the binding
site for the hydrophobic signal sequence. Incorporating the
hydrophobic site idea into his purification protocol, he was able
to rapidly purify the activity. The activity sedimented at about
11 S and consisted of six proteins as determined by SDS-PAGE.=?"!
Based on an extensive analysis of its function?-24 we termed the
protein complex “signal recognition protein” (SRP). It took us
another two years before we realized that the purified activity
also contained a 7S RNA!?1 We then changed the name to signal
recognition particle, leaving the acronym SRP intact. A consid-
erable amount of work in both Peter Walter's and Bernhard
Dobberstein’s laboratory has led to a functional and structural
model for the SRP and to the discovery of an interesting
homologue in bacteria (Figure 16).129
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Figure 16. Signal recognition particle (SRP) in mammalian cells and in bacteria.
Both SRPs contain an RNA and proteins. The mammalian SRP contains six
proteins of indicated molecular weight (in kDa). The bacterial SRP contain a
shorter RNA and a single protein (Ffh = fifty-four-homologue). (Reprinted from
ref. [26] with permission.)

Functional analyses?2¥ revealed that canine pancreas SRP
bound with low affinity to wheat germ ribosomes. However, SRP
bound with high affinity when wheat germ ribosomes were
programmed with an mRNA coding for a secretory protein
(bovine preprolactin), not when programmed with an mRNA
coding for cytosolic proteins, such as the globin chains. Also, if
translation was carried out in the presence of hydroxyleucine
instead of leucine, there was greatly reduced binding of SRP. As
the signal sequence for preprolactin is rich in leucine, this result
suggested that SRP interacted directly with the signal sequence.
Moreover, the interaction of SRP caused a translation arrest
when ribosomes were programmed with an mRNA for a
secretory protein, but not when programmed with mRNA for
cytosolic proteins. The size of the arrested nascent secretory
protein corresponded to about 70 amino acid residues, suggest-
ing that binding of the signal sequence occurred after the signal
sequence was fully exposed following exit from the tunnel in the
large ribosomal subunit (Figure 17). When microsomal mem-
branes were added, there was release of the translation arrest,
suggesting that the ER membrane contains an SRP receptor that
is capable of releasing SRP-mediated translation arrest.
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Figure 17. Recognition of the signal sequence by the signal recognition particle.
As soon as the signal sequence has emerged from the large ribosomal subunit,
SRP can bind to it.
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We found that the in vitro assembled polysomes synthesizing
secretory proteins, but not those synthesizing cytosolic proteins,
bound to SRP-depleted (salt-washed) microsomes, but only in
the presence of SRP. Binding was abolished when SRP was
pretreated with N-ethylmaleimide. These data strongly support-
ed the notion that protein translocation across the ER is a
receptor-mediated event and ruled out proposals that chain
translocation occurs spontaneously and unassisted by proteins.

The discovery of the signal recognition particle was an
important milestone in the molecular analysis of protein trans-
location across the ER membrane. Its function corresponded to
that of the “binding factor” whose existence had been predicted
in 1971 (see Figure 5). It was the first component of any of the
cellular membrane translocation systems that was isolated and
characterized. It provided strong support for the predictions
made in the signal hypothesis.

SRP receptor

Reid Gilmore, a postdoctoral fellow in our laboratory (Figure 18),
used the ability of salt-washed microsomal membranes to
release the SRP-mediated elongation arrest of the synthesis of
secretory proteins as an assay to follow
the purification of this activity. Together
with the membrane’s signal peptidase
(see below), the arrest-releasing activity
could be solubilized by treatment of the
salt-washed microsomal membranes
with non-ionic detergent and moderate
salt concentrations. The purified SRP
receptor consisted of two subunits, a
larger subunit and a smaller subunit.?7-31
The larger subunit is a peripheral mem-
brane protein, whereas the smaller sub-
unit is an integral membrane protein
with one transmembrane segment. Both
proteins were shown to be GTP-binding
proteins (Figure 19).5%3"7 SRP and SRP
receptor interact with each other (Figure 20).532 The SRP receptor
is located exclusively to the ER (including the outer nuclear
envelope) and is present in the ER in sub-stoichiometric
quantities relative to membrane-bound ribosomes.””? This
suggested that the SRP-SRP receptor interaction is transient
in nature. It serves in the targeting but not in the subsequent
translocation of the chain. With the discovery of the SRP and its
cognate SRP receptor, the components involved in signal
sequence recognition and targeting to the ER had been isolated.
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Figure 18. Reid Gilmore,
1985. The Rockefeller Uni-
versity, New York.

Figure 19. The SRP receptor is a heterodimer of two GTPases (G); the [3 subunit is
an integral membrane protein and the o subunit a peripheral membrane protein.
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Figure 20. The ribosome - nascent chain - SRP complex binds to the SRP
receptor in the ER.

Signal peptidase

The signal peptidase cleavage site of nascent secretory proteins
is accessible to signal peptidase only on the trans-side of the
membrane (see above). Therefore, signal sequence cleavage is
dependent on translocation. Robert Jackson in our laboratory
developed a translocation-independ-
ent assay for signal peptide cleavage.
He solubilized the microsomal signal
peptidase by adding detergent. Using
an in-vitro-synthesized presecretory
protein as a substrate he demonstrat-
ed correct endoproteolytic removal of
the signal sequence by the detergent-
solubilized form of the enzyme.*?
The solubilized microsomal signal
peptidase was purified by Emily Evans,
a graduate student in our laboratory

G. Blobel

With the SRP receptor and the signal peptidase, two
components of the microsomal membrane that could be
solubilized by detergents and assayed independently of intact
vesicles and of translocation had been purified. Our next goal
was to purify the putative protein-conducting channel. The
proteins making up such a channel were likely to be integral
membrane proteins. To purify them from other membrane
proteins required detergent solubilization. However, unlike SRP
receptor and signal peptidase, channel proteins require recon-
stitution into proteoliposomes to unambiguously assay their
activity.

Reconstitution of translocation-active
proteoliposomes

The reconstitution of translocation-active proteoliposomes had
been a high priority on our agenda for quite some time before
Christopher Nicchitta (Figure 23) joined our laboratory as a
postdoctoral fellow. However, many attempts by the most
talented people in our laboratory
had failed to achieve this goal. We
had arrived at the conclusion that
reconstitution, if at all possible,
would probably occur with very
low efficiency. Presumably, after de-
tergent solubilization and removal of
the detergent to form proteolipo-
somes, the components that are
required for co-translational trans-
location are not necessarily recon-
stituted in the asymmetric orienta-
tion and in the stoichiometry in
which they exist in the microsomal

Figure 23. Christopher

Figure 21. Emily Evans, 1986. (Figure 21). The purification of this
The Rockefeller University, New enzyme was a major challenge as its
York. activity required the presence of lipids
and detergents throughout all purifi-

cation procedures. Omission of lipids led to rapid inactivation of
the enzyme. Surprisingly, the purified microsomal signal pepti-
dase turned out to be a complex of five non-identical subunits
(Figure 22),B4 all of which are integral membrane proteins.35-37]

vesicles. Instead, reconstituted pro-
teoliposomes may contain these
proteins in a scrambled fashion and
in non-stoichiometric amounts ren-
dering them inefficient or inactive in translocation. The SRP
receptor, the signal peptidase complex, or the constituents of
the protein-conducting channel and perhaps other components
that participate in protein translocation may not regain their
asymmetric orientation in the reconstituted proteoliposome
vesicles. Signal peptidase and the SRP receptor, for example,
exhibit their active sites in opposite orientations, on the trans-
-— side and on the cis-side of the vesicles, respectively. Through

Nicchitta, 1989. The Rock-
efeller University, New York.

i 2 3 4 8% B F R
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— careful choice of detergents and of other conditions (pH as well

V- SRS 1 as salt and detergent concentrations) we were able to obtain
i translocation-competent proteoliposomes (Figure 24).58

- These experiments were seminal. They showed that after

complete detergent solubilization of microsomal membranes,
the detergent forms of integral membrane proteins required for
protein translocation, including a putative protein-conducting
channel, could be reconstituted in an active form. This paved the
way for the isolation of the protein-conducting channel. It also
allowed the subsequent reconstitution of translocation-active
proteoliposomes from purified components.
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Figure 22. Purification of mammalian signal peptidase, a pentameric complex
of integral membrane proteins. (Reprinted from ref. [34] with permission.)
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Figure 25. Sanford M. Si-
mon, 1995. The Rockefeller
University, New York.
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Figure 24. Reconstitution of protein translocation activity into proteoliposomes.
Comparison of protein translocation activity of microsomes and reconstituted
proteoliposomes. pPL = preprolactin; PL = prolactin; PROT. K= proteinase K.
(Reprinted from ref. [38] with permission.)

Electrophysiological detection of the protein-
conducting channel

We first proposed the concept of a protein-conducting channel
(PCC) made up of integral membrane proteins in 1975.4
However, it remained a highly controversial idea, particularly as
there was no direct evidence for it. Alternative models of protein
translocation directly through the lipid bilayer flourished.?* 4% |n
1985, we showed®" that nascent chains in the process of
translocation are accessible to aqueous perturbants. Although
these data were consistent with an aqueous PCC, they could not
rule out that an aqueous environment was created transiently by
the hydrophilic head groups of the lipids rather than proteins
forming such an aqueous channel.

Although electrophysiology was a standard approach for
identifying and characterizing ion-conducting channels, it had
never been applied to the detection and characterization of any
protein-conducting channels. It was difficult to predict how such
channels would behave electrophysiologically. We had postu-
lated that they would be opened and closed for each protein
translocation event.'¥ Moreover, we reasoned that the con-
ductance of a protein across the channel is unlikely to be
accompanied by a significant co-conductance of ions or small
molecules. If this were the case, it would be difficult to maintain
the distinct composition of ions (particularly calcium) and small
molecules in the ER lumen, the “reticuloplasm”, as compared to
that in the cytoplasm. PCCs are likely to be closed when they are
not conducting a polypeptide chain. Moreover, they are most
likely designed to prevent the co-con-
duction of ions when they are opened for
and during translocation of a protein.
Therefore, it was not clear whether PCCs
could be revealed at all by electrophysio-
logical measurements. With these caveats
in mind, Sanford Simon (Figure 25), a
postdoctoral fellow in our laboratory, set
out on a most remarkble and exciting
journey into completely uncharted terri-
tory: to explore PCCs by electrophysio-
logical approaches. These experiments
were begun in collaboration with Joshua
Zimmerberg at the National Institutes of
Health (NIH).“2
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Because rough microsomes were too small for patch-clamp
experiments, we decided to use the planar lipid bilayer system
developed by Mueller et al. in 1962.3 In this system, vesicles are
fused to a planar bilayer that is formed in a hole of a partition
separating two chambers (Figure 26). Addition of microsomes to
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Figure 26. Schematic representation of the bilayer system. The cis-chamber is
separated from the trans-chamber by a plastic division (thick line) with a small
circular hole that contains a planar lipid bilayer. Left: Rough microsomes (RMs)
are added to the cis-chamber. Right: A single rough microsome has fused with the
planar bilayer. (Reprinted from ref. [17] with permission.)

the cis-chamber yielded occasionally fusion of a single rough
microsomal vesicle as evidenced by an increase in conductance.
Some preparations yielded unitary conductances of 20, 55, 80,
and 115 picosiemens (pS) in 45 mm potassium glutamate (Fig-
ure 27).14 By electron microscopy it can be estimated that each
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Figure 27. Channels in rough microsomes. A: Fusion of a single rough
microsome vesicle to the planar bilayer. After 45 s there was a substantial increase
in the fluctuations of the current. B: A segment of the record of Figure A from 600
to 800 s is shown in an expanded time scale. Four distinct channel sizes (expressed
as conductance) can be distinguished: 20, 55, 80, and 115 pS. The function of
these channels remains to be determined. (Reprinted from ref. [42] with
permission.)

of the rough microsomal vesicles contains about a hundred
membrane-bound ribosomes (Figure 28). Many of these mem-
brane-bound ribosomes are potentially in the process of
conducting a chain across the membrane. Therefore, it was
unlikely that the few unitary conductances that we observed
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Figure 28. Electron micrograph of isolated canine pancreas
rough microsomes.
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were related to PCCs. Nevertheless, the fact that
we could detect conductances at all suggested
that fusion of a rough microsomal vesicle with
the planar bilayer had taken place.

If the PCCs are indeed either closed or electrically silent when
occupied by nascent chains, would it be possible to reveal these
channels by releasing the nascent chain without closing them?
Could puromycin, an analogue of aminoacyl-tRNA (Figure 29)
achieve this? The peptidyl transferase activity of ribosomes
couples puromycin to the carboxy-terminal end of the nascent

Furocmycin Amincacyl-tRHA
o CH,
W KH,
L -
i S v - '--.g M
1 I o 1 TH
ML L
oy iy 5 -"'--.h.--.-,l
HOGH, .0 i B
i Gl -
H H H o
H "o‘ l"l H I "-.I I.-'H
H—N T 4 A4H
E=0 L=
H—L—CH,— = HeL—H

Figure 29. Puromycin is an analogue of aminoacyl-tRNA.

chain. This causes chain release from the ribosome. In the case of
rough microsomes, it had been established some time ago that
the chain is vectorially discharged into the lumen of the vesicle.
When the puromycin reaction is carried out at low salt
concentrations the chains are vectorially discharged, but the
ribosomes remain attached to the membrane.® Could the
attached ribosome keep a cleared PCC in an open configuration
(Figure 30)? And could subsequent treatment with high salt
concentrations release the ribosome and close the PCC (Fig-
ure 30) 718

Based on these considerations, we added puromycin to the
cis-chamber of the bilayer that contained a fused rough
microsome vesicle (Figure 26). We observed a huge increase in
conductance (Figure 31).'"! This effect was specific as it was
observed only when puromycin was added to the cis-chamber,
not when it was added to the trans-chamber.'"”? The cis-chamber,
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Figure 30. Schematic representation of puromycin-induced vectorial release of the nascent polypeptide
chain and subsequent disassembly of rough microsomes by high concentrations of salt. w/= with.
(Reprinted from ref. [17] with permission.)
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Figure 31. Puromycin-induced clearance of protein-conducting channels in

rough microsomes. A sharp increase in conductance occurred within 45 s of
addition of puromycin (100 pm) to the cis-side of the microsomal membrane.
(Reprinted from ref. [17] with permission.)

but not the trans-chamber, contained the exposed ribosomes of
the fused rough microsomal membrane (see Figure 26). Pur-
omycin, when added to the trans-chamber, could not access the
ribosomes and be coupled to the nascent chain. But when
subsequently added to the cis-chamber, it again caused a huge
increase in conductance (Figure 32). These side-specific data
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Figure 32. Specificity of puromycin action. As indicated by the first arrow,
puromycin was added to the trans-chamber (lumenal side of the microsomal
membrane). After 10 min (second arrow), puromycin was added to the cis-
chamber (ribosomal side of the microsomal membrane). A substantial increase in
conductance was observed. (Reprinted from ref. [17] with permission.)
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strongly suggested that puromycin indeed cleared the nascent
chain and that at low salt concentrations the PCCs stayed in an
open configuration and were able to conduct ions.

How many PCCs were cleared by the addition of puromycin?
Could very low concentrations of puromycin make it possible to
demonstrate a time-resolved clearance of individual PCCs?
Indeed, when much lower concentrations of puromycin were
added to the cis-chamber, we observed clearance, one at a time,
of individual PCCs''"” of 220 pS (Figure 33). Hence, the PCC
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Figure 33. Single puromycin-revealed channels. Puromycin (0.3 um) was added
to the ribosomal side of the microsomal membrane. Discrete consecutive jumps in
the conductance of 220, 440, and 220 pS were observed (indicated by asterisks).
At faster time resolution, the 440-pS jump resolved into two discrete 220-pS steps.
(Reprinted from ref. [17] with permission.)

contains a very large aqueous pore that conducts about ten
times more ions than an ordinary ion-conducting channel.'”)
Could one close the puromycin-revealed PCC by dissociating the
ribosome by high salt concentrations? Indeed, when a single
PCC (Figure 34) was revealed at low concentrations of puromy-
cin and salt, it was closed by a subsequent increase in salt
concentration (Figure 35). This result was consistent with the
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Figure 34. A single puromycin-revealed channel. Puromycin was added to the
ribosomal side of the microsomal membrane and then removed. Small chloride
channels are marked by asterisks. (Reprinted from ref. [17] with permission.)
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Figure 35. Closure of puromycin-revealed channel. Addition of 150 mm KCI
closed a single puromycin-revealed channel. (Reprinted from ref. [17] with
permission.)
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idea that the puromycin-revealed PCCs are kept open by
attached ribosomes but are closed when ribosomes are
dissociated (see model in Figure 30). Can the presence of PCCs
be demonstrated also in other membranes and by methods
other than puromycin-induced clearance of translocating
chains? Does the signal sequence serve as a ligand to open (or
assemble) the PCC as was postulated in the signal hypothesis 2"
To answer these questions we turned to the prokaryotic plasma
membrane. It had been suggested that in evolution the
eukaryotic ER arose by invagination of the prokaryotic plasma
membrane (Figure 36).44 In fact, signal sequences for bacterial
secretory proteins function in translocation across the ER of
eukaryotic cells and, vice versa, signal sequences addressed to
the eukaryotic ER function in translocation across the prokaryotic
plasma membrane. It was therefore conceivable that the PCC of
the prokaryotic plasma membrane resembles that of the
eukaryotic ER.
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Figure 36. Evolution of eukaryotic intracellular membranes. A: Invagination of
the prokaryotic plasma membrane with indicated ribosome- and DNA-binding
sites yields the endoplasmic reticulum and the nuclear envelope. B: Uptake of a
prokaryotic progenitor cell yields mitochondria and chloroplasts. C = cytoplasm;
N = nucleoplasm. (Reprinted from ref. [44] with permission.)

When protoplasts of Escherichia coli (Figure 37) are fused from
the cis-chamber to a planar bilayer, the putative signal sequence
binding site of the PCC will be exposed on the trans-chamber
(Figure 38). The addition of low concentrations of synthetic
signal peptide of the bacterial LamB protein (Figure 39) to the
trans-chamber, but not to the cis-chamber, caused a stepwise
increase in conductance (Figure 40). The stepwise increase in
conductance was observed only in the presence of high salt
concentrations. Each step is likely to represent the binding of
one signal peptide to one signal peptide binding site of the PCC.
High salt concentrations would reinforce the largely hydro-
phobic interactions between the hydrophobic signal peptide
and the PCC and thus keep the PCC in an open configuration for
long periods of time.*! The conductance properties of the
prokaryotic plama membrane PCC were found to be similar to
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actenal Protoplasi Met-Met-lle-Thr-Leu-Arg-Lys-Leu-
Bacterial Protoplast Pro-Leu-Ala-Val-Ala-Val-Ala-Ala-

Gly-Val-Met-Ser-Ala-Gin-Ala-Met-Ala

A,

‘Jf Figure 39. Synthetic signal peptide of the preLamB protein of E. coli.
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Figure 37. Schematic drawing of a bacterial protoplast with protein-conducting
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Figure 40. Signal-peptide-gated channel remains open at high salt concen-
el | tration. E. coli protoplasts were fused to the planar bilayer. Synthetic preLamB

Ebpcirn. Bacterial Protaplast . j signal peptide was added to the trans-chamber (see Figure 38) in a final
- concentration of 0.2 nm and in the presence of 700 mm KCl. Single channels of
220 pS remained open at high salt concentration. Presumably, the high
concentration of salt reinforced the hydrophobic interactions of the signal peptide
Figure 38. Schematic drawing of a bacterial protoplast added to the cis- with the signal peptide binding site of the protein-conducting channels, leaving
chamber and fused to the planar bilayer. Note that the cis-side of the bacterial them in an open conformation. (Reprinted from ref. [45] with permission.)
plasma membrane with the signal sequence binding sites
of the protein-conducting channels is exposed to the trans-
chamber. [t IE, 4

those of the PCC in the ER, in support of the
notion that the two channels share a common
history and are conserved.

Taken together, these data strongly support-
ed the existence of aqueous protein-conduct-
ing channels that, like ion-conducting chan-
nels, were composed of proteins and that the
signal sequence indeed served as one of the 5260 9.7 kDa 8.5 kDw

ligands to open the channel. These results led
to a paradigm shift in cell biology and strongly ~ Figure 41. Topology of the Sec61 heterotrimer in the endoplasmic reticulum membrane.

argued against models that had reigned su-

preme for many years and that had proposed transfer of proteins  postdoctoral fellow in our laboratory
directly through the hydrophobic core of the lipid bilayer. (Figure 42), was able to isolate the Sec61
complex by detergent solubilization of
yeast microsomes (Figure 43) and to bind
it to isolated yeast monomeric ribo-
somes.”® Binding was saturable and sug-
By genetic approaches, Schekman and co-workers? had  gested that two Sec61 trimers bound per
identified Sec61 as a candidate for the protein-conducting ribosome (Figure 44). Cryoelectron micro-
channel in yeast. Rapoport and co-workers used subfractiona-  scopy of these complexes (Figure 45) and
tion and reconstitution into proteoliposomes (see above) to  three-dimensional image reconstruction
isolate the mammalian counterparts of the yeast PCC."” 4 Their  (Figure 46, left panel), done in collabora-
work established that the PCC consisted of a heterotrimer, tion with Joachim Frank's laboratory,

Visualization of the protein-conducting channel

. . R . . Figure 42. Roland Beck-
termed the a, , and vy subunits of Sec61 (Figure 41). To visualize  revealed that the Sec61 trimer bound to mann, 1999. The Rockefeller

the PCC attached to the ribosome, Roland Beckmann, a  a region of the large ribosomal subunit  University, New York.
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that was near to the previously identified exit site of the nascent

- chain. The Sec61 complex formed a funnel-shaped structure

0 - el with a diameter of about 35 angstroms (A) at the side facing the

ribosome and a diameter of 15-20 A at the side facing the ER

b lumen. The Sec61 complex was attached to the large ribosomal

L i subunit at one side. Most interestingly, a section across the

B ¥ center of the ribosome (Figure 46, right panel) revealed that a

tunnel in the large ribosomal subunit aligned with the Sec61

Figure 43. The purified Sec61 heterotrimer. The proteins of the purified yeast channel. This arrangement suggests a likely conduit of the
Sec61 heterotrimer were separated by SDS-PAGE and visualized by Coomassie nascent chain within the large ribosomal subunit and across the

Blue staining. (Reprinted from ref. [49] with permission.) Sec61 channel into the lumen of the ER. The visualization of the

PCC attached to the large ribosome and the alignment of the

0.15 large ribosomal subunit tunnel with the PCC was an extremely
- gratifying confirmation of the predictions that had been made in

1975 (see Figure 11).14
0.10+ We are presently repeating these experiments with ribosomes

that contain nascent secretory proteins in order to visualize the
PCC in its active (open) form. For these experiments the
0.05 ribosomes are programmed with truncated mRNA whose trans-
lation yields nascent chains long enough for the signal sequence
to be exposed on the surface of the large ribosomal subunit.
T T T T T These nascent chain -ribosome complexes can then be used to

pg Sec61a bound to ribosomes

0.1 0.2 03 0.4 05 .
1g Sec61a engage SRP, SRP receptor, and Sec61. These experiments should

sublocalize SRP and SRP receptor on the active ribosome and

Figure 44. Binding of purified Sec61 to purified yeast ribosomes. Binding is should reveal the PCC in an active (open) conformation.
saturable at an estimated binding of two Sec61 heterotrimers per ribosome. Likewise, truncated mRNAs coding for integral membrane

Repri fr f. [4 ith ission. . . . .
(Reprinted from ref. [49] with permission.) proteins can be translated on ribosomes to investigate the

PCC morphology that is accompanied by the proposed lateral
opening of the PCC to the lipid bilayer. Attempts will also be
made to crystallize the Sec61 complex. Moreover, the signal
peptidase complex and the oligosaccharidyl transferase complex
associate with the PCC to allow co-translational cleavage of the
signal sequence and co-translational addition of core sugars to
the translocating chain (Figure 47). These enzymes will be
isolated and bound to the nascent chain-ribosome-Sec61
complex and will then be visualized by cryoelectron microscopy

Fi 45. Crvoel ) b of rib Secs oxes. A and three-dimensional image reconstruction.

igure . Cryoelectron micrograph of ribosome — Sect complexes. Arrow- . . .
heads point to the Sec61 complex visible as a mass lying parallel to the ribosome The PFC is clearly one of the marvels of nefture. Unlike ar’ lon-
surface. (Reprinted from ref. [49] with permission.) conducting channel that opens and closes in only one dimen-

sion, the PCC opens and closes in two dimensions, across the
ol H lipid bilayer and in the plane of the bilayer. The PCC is not merely
; a passive conduit but it scans the unfolded nascent chain as it

' L]
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Figure 46. Three-dimensional reconstruction of the ribosome - Sec61
complex. The small ribosomal subunit is shown in yellow, the large l 2P0
ribosomal subunit in blue, and the Sec61 complex in red. Left: Note the
single attachment site of Sec61 to the large ribosomal subunit. Right: X

Same orientation as for the left figure, but cut along a plane that sections _— q asr
the PCC of Sec61 and the ribosome tunnel. The space between the two

ribosomal subunits is indicated by an asterisk. The ribosomal tunnel and

its alignment with the Sec61 PCC is indicated by a broken red line. Hence Figure 47. Recruitment of the signal peptidase complex (SPC) and the oligosaccharidy!

Turnen

the conduit of the nascent polypeptide chain in the large ribosomal transferase complex (OST) to the ribosome — nascent chain - Sec61 complex in the
subunit tunnel and the Sec61 PCC is aligned. (Reprinted from ref. [49] with endoplasmic reticulum membrane. SPC endoproteolytically removes the signal peptide.
permission.) OST attaches core oligosaccharides to the translocating nascent chain.
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passes across it, responding to a passing stop-transfer sequence
by lateral opening. Moreover, the PCC is constructed in such a
way that it does not leak significant amounts of small molecules.
More recently, evidence has accumulated for reverse trans-
location and disintegration of membrane proteins. In order to
allow degradation of secretory and integral membrane proteins
by the cytoplasmic proteasomes, proteins can be reverse-
translocated from the lumen of the ER or disintegrated
(membrane proteins) from the ER membrane. Reverse trans-
location and disintegration are likely to occur by opening the
channel from the trans-side of the membrane (for translocated
proteins) and by additional lateral opening of the PCC from the
bilayer (for integral membrane proteins).

The demonstration that the PCC consists of integral mem-
brane proteins confirmed a prediction made in 1980.* Virch-
ow’s dictum on cells: “omnis cellula e cellula” (each cell comes
from a pre-existing cell) was extended to membranes: “omnis
membrana e membrana” (each membrane comes from a pre-
existing membrane). Membranes and compartments are not
created de novo,but re-create themselves. The asymmetric
integration of the integral membrane proteins of the Sec61
complex requires the pre-existence of asymmetrically integrated
Sec61 complex. The asymmetrically oriented Sec61 complex
catalyzes asymmetric integration of all other integral membrane
proteins of the exocytotic and endocytotic membranes as
specified by their intrinsic sequence elements (signal- and stop-
transfer sequences).®® This assures that the asymmetric integra-
tion of a membrane protein proceeds with high fidelity which is
absolutely crucial for the membrane protein’s function. In
contrast, reconstitution of proteoliposomes by mixing lipids,
detergents, and proteins usually does not result in a high-fidelity
asymmetric topology of membrane proteins. It should be noted,
however, that some proteins are designed to insert “sponta-
neously” into lipid bilayers (e.g., certain toxins). The asymmetric
integration of most membrane proteins, however, is catalyzed by
PCCs of the ER or by PCCs of mitochondrial or chloroplast
membranes (see below).

Post-translational translocation across the ER

Protein translocation across the ER can also occur post-transla-
tionally. This was first discovered in yeast.”" 52 Instead of SRP and
SRP receptor this system uses other factors, primarily heat shock
proteins, to keep the protein in an unfolded and translocation-
competent conformation.®> >4 Moreover, additional membrane
proteins interacting with the Sec61 complex are required to
facilitate presentation of the signal sequence for opening the
Sec61 PCC.

Other protein translocation systems

Work on the protein translocation system of the ER established
the basic principles. The other systems for protein translocation
across distinct cellular membranes (Figure 48) were subsequent-
ly shown to work on similar principles. Entry of a protein into any
of these other “public” translocation systems requires a cognate
signal sequence. As in the case of a signal sequence addressed to
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Figure 48. “Public” protein translocation systems in the cell. The bold blue arrow
indicates the protein translocation system in the ER, the slim blue arrows indicate
the related systems within the mitochondrial matrix and the chloroplast stroma.
Bold and slim red and green arrows indicate protein translocation systems for
import across the outer and inner mitochondrial or chloroplast membrane,
respectively. White and black arrows indicate transport into and out of the
nucleus, respectively, across the nuclear pore complex.

the ER, each signal sequence is recognized by a cognate signal
recognition factor that, in turn, targets the complex to a cognate
receptor. These receptors are restricted in their localization to
distinct cellular membranes (Figure 48). Translocation then
occurs through channels to the other side of the membrane.
There are fascinating similarities and differences in the con-
struction of these various translocation systems.

The translocation system of the ER has evolved from the major
protein translocation system in the plasma membrane of
prokaryotes. Most of the eukaryotic cellular membranes arose
by invagination of the prokaryotic plasma membrane and by
relegation of specific membrane protein functions of the
prokaryotic plasma membrane to these intracellular membranes
(Figure 36)."Y The signal sequence of the ER is related to the
signal sequence addressed to the major prokaryotic plasma
membrane translocation system. Moreover, homologues of SRP
(see above) and SRP receptor exist in prokaryotes and the SecY
complex of bacteria is the homologue of the Sec61 complex of
the ER. Hence, protein translocation across membranes and
protein integration into membranes are very ancient and highly
conserved membrane functions. Related systems exist for
protein translocation from the mitochondrial matrix or the
chloroplast stroma across the inner mitochondrial membrane or
the thylakoid membranes of chloroplasts, respectively (Fig-
ure 48).

Although the protein import systems into mitochondria and
chloroplasts are not related to those of the ER, the principles by
which they operate are similar: distinct signal sequences,
cognate signal recognition factors, cognate receptors, and
protein conducting channels. Like the PCCs in the ER, the PCCs
in the outer and inner membrane of these organelles can also
open laterally to achieve integration of membrane proteins.
Proteins that are targeted to the matrix contain two signal
sequences, one for translocation across the outer membrane
and one for translocation across the inner membrane. The two
PCCs in the outer and inner membrane can transiently interact
with each other forming a continuous conduit for the unfolded
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nascent chain from the cytosol into the matrix. Protein trans-
location can occur post-translationally. Hence, in addition to
signal recognition factors there are additional proteins required
that keep the completed chain in an unfolded and translocation-
competent conformation.

The protein import system into peroxisomes operates with at
least two distinct signal sequences and cognate signal recog-
nition factors and receptors. However, it appears that integral
membrane proteins of the peroxisomal membrane are integrated
using the ER translocation system and are then sorted to the
peroxisomal membrane, as was first suggested in 1978.5% It
appears that peroxisomal content proteins can be transported
across the peroxisomal membrane post-translationally and in a
folded and even oligomeric form. A putative peroxisomal
membrane pore may not be able to open laterally to the lipid
bilayer and, therefore, may not be competent for the integration
of membrane proteins. This would explain why integral mem-
brane proteins of the peroxisomal membrane need to be
integrated by another translocation system, namely, that of the
ER.

Import and export of macromolecules into and from the
nucleus is not restricted to proteins but includes ribonucleopro-
teins and deoxyribonucleoproteins (viruses). The nuclear pore
complex (NPC) is the common conduit for both import and
export of all these molecules and molecular complexes. It is a
huge organelle, at least 20 times the mass of the ribosome with a
central pore of about 25 nm diameter. Again, protein import and
export are mediated by distinct signal sequences. These signal
sequences are recognized by cognate signal recognition factors
(karyopherins or Kaps) that ferry between the nucleus and the
cytoplasm. The Kaps target the import and export substrates to
receptors that are represented by a subset of nuclear pore
complex proteins (collectively termed nucleoporins or Nups).
The NPC is connected on the nuclear side to tubes that extend
all the way to the nucleolus. These tubes form a chromatin-free
zone and are likely to facilitate intranuclear diffusion of macro-
molecules. Nuclear import and export, the nuclear pore
complex, and intranuclear traffic in these tubes are at present
intensely investigated by many laboratories. The next years will
bring considerable progress in the detailed understanding of
these important cellular activities.

Other topogenic sequences

It is clear that signal sequences for protein translocation across
distinct cellular membranes and a combination of signal and
stop-transfer sequences for the asymmetric integration of
proteins into membranes are not the only “topogenic” sequen-
ces that serve as determinants for protein localization.
Following translocation across or asymmetric integration into
membranes, many proteins undergo further traffic. For example,
lysosomal proteins contain signal sequences indistinguishable
from those of secretory proteins®® 57 and like secretory proteins,
they are first segregated within the lumen of the ER. Subse-
quently, they have to be sorted to the lysosomes. Sorting
sequence elements are required to achieve sorting to the
lysosome.
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Another example is the poly-lg receptor. It is asymmetrically
integrated into the ER using a signal sequence and a stop-
transfer sequence.’®>% [t is then directed to the basolateral
plasma membrane where it binds IgA or IgM. The ligand -re-
ceptor complex is then transcytosed to the apical plasma
membrane where the ligand-binding domain of the poly-lg
receptor is cleaved and shed as the so-called “secretory
component” of secreted IgA or IgM. Sorting sequences direct
this transcytotic pathway. The existence of sorting sequences has
been postulated in 1980,"* long before such sequences were
actually identified. Like signal and stop-transfer sequences,
sorting sequences need to be recognized, and various effectors
are required to decode them and to direct them into the various
pathways they specify.

Epilogue

What began as an inquiry about how secretory proteins are
translocated across the ER proceeded into an exciting voyage
that revealed the principles by which cells organize themselves
into distinct membranes and compartments. Most cellular
proteins, including integral membrane proteins, contain intrinsic
sequence elements. These sequence elements are decoded by
cognate recognition factors. Cognate receptors and effectors
localize the protein to their proper location.

Abbreviations

ER endoplasmic reticulum

IgA immunoglobulin A

19G immunoglobulin G

IgM immunoglobulin M

Kap karyopherin

mRNA messenger ribonucleic acid
NPC nuclear pore complex

Nup nucleoporin

PCC protein-conducting channel
RM rough microsome
SDS-PAGE sodium dodecylsulfate polyacrylamide gel electrophoresis
SRP signal recognition particle
VsV vesicular stomatitis virus
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The investigation and manipulation of
nature’s vast biosynthetic potential with
the tools of molecular biology, genetics,
and chemistry has initiated an exciting
new era for drug discovery.! At present,
the prime targets for combinatorial bio-
synthesis are polyketides, due to their
structural complexity and their large
variety of pharmacological properties.”
As a consequence of fundamental advan-
ces in genetic engineering of bacterial
polyketide biosynthetic genes, it is now
possible to generate structurally diverse
libraries that are virtually unavailable by
conventional synthetic methods.®! Poly-
ketides are constructed by repetitive

RF1

gene technology

medicinal chemistry

Claisen condensations of (methyl)mal-
onyl-coenzyme A [methyl(malonyl)-CoA]
units with an acyl-CoA starter unit, in a
manner that closely parallels fatty acid
biosynthesis. On the basis of both genetic
studies and architecture of the enzymes,
bacterial polyketide synthases (PKSs) are
generally classified into two types. The
aromatic type Il system comprises a set of
iteratively used individual enzymes that
generate poly(S3-keto) intermediates and
catalyze cyclodehydratations to yield ar-
omatic compounds, for example actino-
rhodin. In contrast, the modular typel
system consists of large multifunctional
proteins that accommodate distinct ac-

catalytic domains programs the structure
of the resulting polyketide and thus
makes it predictable. Structural diversity
of the polyketide family originates from a
variety of biosynthetic building blocks
and catalytic domains. First, the choice of
starter unit, the number of C, extensions,
and the mode of cyclization define the
nature of the polyketide backbone. Sec-
ond, the nature of the acyltransferase and
the degree of f-oxo group processing
(ketoreduction, dehydratation, and enoyl
reduction) give rise to alkyl branches,
keto, hydroxy, methenyl, or methylene
functionalities (Figure 1). Finally, after the
polyketide has been formed, tailoring
enzymes may catalyze post-PKS trans-
formations of the polyketide such as
glycosylations, (ep)oxidations, acylations,
and methylations.!'!

The tremendous variety of polyketides
in nature® is governed by many possible

CAFD

Figure 1. Modular arrangement of a type | PKS (DEBS) that produces 6-deoxyerythronolide B (6-dEB, 1). ACP = acyl carrier protein, AT= acyltransferase, DEBS =
6-deoxyerythronolide B synthase, DH = dehydratase, ER = enoylreductase, KR = ketoreductase, KS = ketosynthase, TE = thioesterase.
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tive sites for each step of catalysis. An
example of a typel PKS product is
6-deoxyerythronolide B (6-dEB, 1), the
parent, nonglycosylated macrolide core
of the antibiotic erythromycin. The linear,
modular organization of the typel PKS

© WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2000

combinations and permutations of func-
tional subunits, as well as by the se-
quence and number of modules. In a
similar fashion, genetic engineering al-
lows modifications of polyketide struc-
tures by a variety of targeted genetic
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mutations, such as inactivation, substitu-
tion, and addition of catalytic domains or
even entire modules.® As numerous
studies revealed, modular PKSs are in fact
amenable to a variety of modifications
and display tolerance towards nonnatural
PKS substrates.” Recently, it has become
possible to conveniently express func-
tional hybrid PKSs in genetically engi-
neered bacterial hosts (i.e. Streptomyces
coelicolor CH999®! or S. lividans K4-114),
which lack a background of polyketide
biosynthetic genes. Genetic manipula-
tions of polyketide synthases are thus
considerably promising for the biosyn-
thesis of novel hybrid polyketides. On the
basis of a single-plasmid expression sys-
tem, however, for each new polyketide,
specifically targeted mutagenesis experi-
ments have to be performed prior to
expression. The number of novel engi-
neered polyketides thus does not exceed
the number of separate engineering
steps. In addition, considering the large
size of the expression plasmids (ca. 50 kb
for 6-dEB synthase, DEBS), and the
limited number of unique restriction sites
along the gene cluster, manipulation of
the PKS genes becomes a cumbersome
task.

To overcome these limitations, a multi-
ple-plasmid system for the generation of
polyketide libraries has been developed
in the laboratories of KOSAN Biosciences,
Inc. (Figure 2).% In lieu of constructing
one single-expression plasmid containing
the entire set of PKS genes, individual
open reading frames (ORFs) or single
modules of PKSs are cloned on separate,
compatible expression plasmids.'"” To co-
express the individual plasmids in a
heterologous host, the vectors are equip-
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ped with mutually selectable resistance
markers. Two vectors are autonomously
replicating plasmids on the basis of the
pRM1 shuttle vector with SCP2* and
ColE1 origins of replication in Streptomy-
ces spp. and E. coli, respectively. For the
third plasmid, an integrating vector
(pSET152) was chosen, which inserts the
PKS genes site-specifically at the actino-
phage ¢C31 attachment site. In all vec-
tors, the PKS genes (ORF1, ORF2, and
ORF3) are cloned downstream of a Strep-
tomyces promoter (Pactl), which is acti-
vated by the product of the activator
gene, actll-ORF4. Although the concom-
itant expression of vectors in a host with
multiple antibiotic selection is an estab-
lished method in molecular biology,?
the multiplasmid approach has a partic-
ularly high impact on combinatorial bio-
synthesis. As soon as functional subunits
are available, they can be readily com-
bined in all possible permutations and
variations with little effort. For example,
with x versions of ORF1, y versions of
ORF2, and z versions of ORF3, a combi-
natorial library of x x y x z mutants will be
rapidly accessible. In comparison, with
the same number of mutagenesis experi-
ments, a single-expression-plasmid sys-
tem would only provide a maximum of
X +y+z polyketides. In theory, two pos-
sible AT domains and four possible }-
carbon atom modifications contribute to
eight possible mutations per module,
which results in 8 x 8=64 variations in
each DEBS ORF. Concomitant expression
of ORF1-ORF3 in a combinatorial fashion
would provide 64% = 262 144 mutants and
consequently, at least hypothetically, a
library of 262 144 polyketides. In compar-
ison, with the same experimental effort, a

!

Figure 2. Three-plasmid expression system for PKS genes. Shown are derivatives of pRM1-tsr, pPRM1-hyg, and
pSET-apm. pRM1-tsr and pRM1-hyg are bifunctional vectors for replication in both E. coli and Streptomy-
ces spp. (oriColE1 = origin of replication and bla = f3-lactamase resistance gene for selection in E. coli;
oriSCP2* = origin of replication; tsr, kan, hyg = thiostrepton, kanamycin, or hygramycin resistance genes,
respectively, for selection in Streptomyces ssp. pSET-apm is an integrating plasmid (pSET152) with apramycin
resistance gene (apm) and ¢C31-int attP loci for attachment and chromosomal integration of ORF3. The

drawing is not to scale.
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single-expression-plasmid system would
only provide a maximum of 64 x 3=192
polyketides.!"%

Scientists at KOSAN Biosciences, Inc.,
have engineered altered DEBS subunits
by exchanging DEBS genes with rapamy-
cin PKS genes.'¥ They engineered eight
ORF3 variants into the pSET integration
site of S.lividans, then individually co-
transformed the resulting strains with
each of four ORF1 variants on pRM1-tsr
vectors and two ORF2 variants on pRM1-
hyg-derived vectors."™ From 14 plasmids
prepared, 8 x 4 x 2 =64 triple transform-
ants were obtained, out of which 46
contributed to a library of 43 hybrid
polyketides (Figure 3). Novel compounds
have been produced at a level compara-
ble to expression studies with a single
plasmid carrying all three ORFs. Consid-
ering the immense synthetic effort for the
chemical de novo synthesis of erythro-
mycin by R.B. Woodward and 48 collea-
gues in 1981, the multiplasmid ap-
proach is clearly a powerful technique
for generating novel erythromycin ana-
logues. Due to the feasible co-expression
of the modified DEBS subunits observed,
combining entire protein subunits from
different modular PKSs has been antici-
pated to result in hybrid PKS complexes.
By means of the multiplasmid approach,
natural and altered subunits from DEBS
with related picromycin synthase (PikPKS)
and oleandomycin synthase (OlePKS)
subunits have been successfully co-ex-
pressed.’™ In fact, the in vivo assembly of
heterologous PKS complexes from natu-
rally occurring subunits resulted in an
increased production of hybrid polyketi-
des compared to the DEBS mutagenesis
studies.

In the same context, the possibility to
heterologously co-express fragments of
very large (>50kb) PKS gene clusters,
such as for rapamycin, rifamycin, or
epothilone, is an important feature of
the multiplasmid approach. If the native
producer is a slowly growing microorgan-
ism, the use of a Streptomycete-based
multiplasmid expression system may sig-
nificantly enhance productivity. In addi-
tion, by dissection of the gene cluster, the
biosynthesis becomes readily amenable
to genetic manipulations. This has been
impressively demonstrated for the bio-
synthetic genes of the myxobacterial
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Figure 3. Combinatorial library production. Shown are selected structures (1-16) out of 43 macrolactones
produced by S. lividans K4 - 114 strains transformed with pRM1-tsr, pRM1-hyg, and pSET-apm derivatives.

secondary metabolite epothilone.ls 7
Epothilone is a promising anticancer
agent against taxol-resistant tumors.''®
Since classical chemical approaches re-
quire over 20 synthetic steps, extraction
of the natural compound from culture
broths is favorable. Using the natural
producer, on the other hand, does not
appear to be economical. Sorangium
cellulosum has a doubling time of 16 h,
and 12,13-deoxyepothilone D (18), which
is the most attractive clinical candidate, is
formed only in trace amounts. To over-
come these limitations, the large epothi-
lone biosynthetic gene cluster was cloned
into two compatible plasmids and co-
expressed in a host (Streptomyces coeli-
color CH999) with a doubling time of 2 h.
The loading domain, the non-ribosomal
peptide synthetase (NRPS), and modules

CHEMBIOCHEM 2000, 1, 103-106

1-5 were cloned on a pRM1-tsr deriva-
tive, whereas modules 6-8, a gene for a
P450 oxidase, and some post-PKS genes
were cloned on an integrating pSET-apm
derivative (Figure 4). In fact, sequential
transformation of the plasmids and culti-
vation of the host-vector system result-
ed in successful production of epothilo-
nesA (19) and B (20). Although initial
results showed a reduced in vivo produc-
tivity, with genetic and strain improve-
ment, such as implementation of the
epothilone resistance gene, the plasmid-
borne expression system is likely to
become a favorable producer of epothi-
lones. Additionally, introduction of a
methylmalonyl-specific AT and deletion
of the P450 gene is a promising method
for the fermentation-based preparation
of epothilone D (18).

HIGHLIGHT

The multiple-plasmid approach is a
promising method for exploring addi-
tional combinatorial post-PKS tailoring
transformations such as oxidations,
methylations, acylations, and glycosyla-
tions. Many of these tailoring reactions
are critical for biological activity and for
molecular recognition between the drug
and its cellular target. A variety of sub-
stitutions have already been successfully
carried out with a single-plasmid system
by using heterologous hosts or knock-out
mutants."” A two-plasmid system for the
bioconversion of e-rhodomycinone to
rhodomycin D by concomitant expres-
sion of the carbohydrate biosynthetic
and glycosyltransferase genes has recent-
ly been demonstrated,?! but numberless
possible combinations wait to be exploit-
ed. Likewise, the palette of typell PKS
products may be extended by shuffling
distinct PKS genes encoding minimal
PKSs, acyltransferases, cyclases, and a
variety of tailoring gene products. The
multiplasmid approach is also full of
promise for other biosynthetic systems
such as non-ribosomal polypeptide syn-
thetases, which have a structure similar to
that of type | PKSs.2"!

To date, numerous modular and aro-
matic PKS biosynthetic gene clusters
have been sequenced, which provide a
versatile “toolbox” of building blocks for
combinatorial biosynthesis. The multi-
plasmid approach is the method of
choice to investigate the scope and
limitations of creating novel compounds
by fusing unique features from two or
more biosynthetic pathways in a “mix-
and-match” fashion. The technique per-
mits both heterologous expression of
very large biosynthetic genes by co-
expression of subunits as well as gener-
ation of large numbers of structurally
diverse compounds for high-throughput
screening. Excitingly, the whole extent of
possibilities for combinatorial biosynthe-
sis remains to be explored.

| would like to thank Prof. Dr. Bradley S.
Moore, University of Arizona, and Prof. Dr.
H. G. Floss and Dr. Linquan Bai, University
of Washington, for strong support and
many helpful discussions. | am grateful to
the Alexander von Humboldt Foundation
for a Feodor Lynen fellowship.
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Figure 4. Proposed epothilone biosynthesis. Heterologous expression of the myxobacterial metabolites
epothilone A-D in an S. coelicolor CH999 host. Genes cloned on pRM1-tsr are drawn in blue, genes cloned on
pSET-apm derivative in red. NRPS = non-ribosomal peptide synthase.
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Surface Coating with Cyclic RGD Peptides
Stimulates Osteoblast Adhesion and
Proliferation as well as Bone Formation

Martin Kantlehner,”?! Patricia Schaffner, Dirk Finsinger,® Jorg Meyer,!
Alfred Jonczyk,'“ Beate Diefenbach,” Berthold Nies,”™ Glnter Hélzemann,!
Simon L. Goodman,!” and Horst Kessler*!!

The physiological inertness of synthetic implant materials often
results in insufficient implant integration and limited acceptance of
implants in tissues. After implantation the implant surface is often
separated from the surrounding healthy and regenerating tissue,
for example by a fibrous capsule. To avoid this host-versus-graft
reaction, a strong mechanical contact between tissue and implant
must be ensured. An enhanced contact between graft and the
surrounding tissue can be provided by coating the implant with
cell-adhesive molecules. The highly active and o.ps- and o.s-
integrin-selective peptide c(-RGDfK-) (f=Dp-phenylalanine) was
functionalized with various linker molecules containing an acryl-
amide end group by using the lysine side chain of c(-RGDfK-). The
acrylamide group can be used to bind the peptide covalently to
poly(methyl methacrylate) (PMMA) surfaces. The coated surfaces
effectively bind to murine osteoblasts as well as human osteoblasts

Introduction

Although most currently employed implant materials (polymers,
carbon fibers, metals) are biocompatible, that is, nontoxic and
stable against degradation in the organism, an insufficient
integration into the surrounding tissue often occurs. Fibrous
capsule formation and inflammation prevent the generation of a
stable implant-to-tissue binding. Limited acceptance of materi-
als in tissues is due to improper mechanical contact between
implant surface and the cells of the regenerating tissue. In the
case of bone implants, a strong mechanical contact between
bone tissue produced by osteoblasts and the implant surface is
required for integration.

Coating of implant surfaces with cell-adhesive molecules
provides a strong mechanical contact between cells and the
surface. Cell adhesion is mediated by integrins,™ a class of
heterodimeric transmembrane cell receptors that bind selec-
tively to different proteins of the extracellular matrix (ECM).™
Binding of ECM proteins often effects a signal transduction,?-"
for example, cell proliferation and apoptosis are two contrary
effects that are both integrin-dependent. It is known that the cell
types of different tissues express a different, cell-specific integrin
pattern and that some cell types change their integrin pattern
during their lifetime. The advantage of coating surfaces with
ECM proteins such as fibronectin, vitronectin, or collagen® is the
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in vitro when a minimum distance of 3.5 nm between surface and
the constrained RGD sequence is provided. In contrast to
osteoblasts in cell suspension, surface-bound osteoblasts show no
apoptosis but proliferate by a factor of 10 over a 22 d period.
Coating of inert implant surfaces with highly active and a,-
selective peptides affords a marked improvement in osteoblast
binding over current technologies. In vivo studies show that
peptide-coated PMMA pellets implanted into the patella groove of
rabbits are integrated into the regenerating bone tissue faster and
more strongly than uncoated pellets.

KEYWORDS:

materials science - RGD

bioorganic chemistry - integrins -
peptides - surface chemistry

selectivity of these proteins towards specific integrin receptors.
Therefore, certain cell types will selectively bind to their favorite
ECM protein. Furthermore, ECM proteins do not cause any
harmful side effects as they are the natural integrin ligands. The
disadvantages, however, are: the difficulty of obtaining a stable
attachment to the material, theirimmunogenicity, relatively high
costs, large molecular weight, instability towards enzymatic
degradation in the organism, as well as problems with
sterilization.

Another approach to coating surfaces uses small peptides
containing only the binding sequence of the natural protein
ligands for surface coating.”?* The advantage of using small
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peptides is the ease with which they can be synthesized and
handled and their low immunogenic activity. On the other hand,
small peptides often have lower binding activity and selectivity
for distinct integrin subtypes. Linear peptides are also easily
enzymatically cleaved. Over the last decade, highly active and
aBs- and a,fs-integrin-selective cyclic pentapeptide ligands
such as c(-RGDfX-) have been developed.??% |t has been
demonstrated that in addition to the RGD binding sequence a
p-amino acid, especially p-Phe following the Asp residue in the
cyclus, is essential for high activities and «, selectivities. Cyclic
pentapeptides with p-amino acids in other positions and/or a
nonhydrophobic amino acid following Asp as well as linear
peptides have lower activity and are less selective towards a,
integrins.l?® 2% Furthermore, the amino acid X in position 5 has
no significant influence on the selectivity and activity of the
peptides towards the a,f; and a,s integrins. Therefore,
c(-RGDfK-) was used as the ligand because this peptide can
easily be functionalized through the g-amino group of the lysine
side chain. After preliminary studies of coating bovine serum
albumin (BSA) surfaces by using thiol anchors, we aimed for a
direct attachment of the peptides to frequently used biomate-
rials such as PMMA. The peptides were bound to the polymer
through an acrylamide function that served as an anchor.B%

Results
Integrin pattern of osteoblasts

The integrin patterns of primary human osteoblasts, primary
human osteoprogenitor cells, primary rat osteoblasts, and
MC3T3-H1 mouse osteoblasts were investigated by fluores-
cence-activtated cell sorting (FACS) analysis using antibodies
labeled with fluorescein isothiocyanate (FITC) (LM 609 for a.f3;
integrin, P1F6 for a,fsintegrin). Figure 1 shows a,3s and
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Figure 1. o.; and o, integrin expression of different osteoblast cell cultures
determined by FACS analysis with two different antibodies (antibody (ab)

LM 609 = anti-a.3;, ab P1F6 = anti-o.,35). The following osteoblast cultures were
used: M21 (human melanoma cell culture, a.3;- and o, fs-positive control cell
culture), M21L (human melanoma cell culture, a,-deficient, o.ps- and o, fs-
negative control cell culture), HOB (primary human osteoblasts), ROB (primary rat
osteoblasts), and HOP (primary human osteoprogenitor cells).

a,f; integrin expression by osteoblasts. Hence, the osteoblast
cultures used in this study should be able to bind the a,f3;- and
a,fs-selective integrin ligand c(-RGDfK-).

Osteoblast-binding properties of surface-bound c(-RGDfK-)

For the first osteoblast-binding studies, maleimide-functional-
ized BSA surfaces were grafted with two thiol-modified deriv-
atives of c(-RGDfK-) (Figure?2). Peptide P1 contains a (3-
mercapto)propylamide linker (—1) and peptide P2 a succinyl

HS )J\/\/\/N H.
\/\,I\l 2 3
H
Figure 2. Different thiol linkers used for covalent linking of RGD cyclopeptides to

BSA-coated surfaces. The linkers 1 and 2 are coupled to the highly active and
selective ligand c(-RGDfK-), linker 3 to the weaker ligand c(-RGDEv-).
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cysteamide linker (—2). Both peptides stimulate binding of
primary human osteoblasts, primary human osteoprogenitor
cells, primary rat osteoblasts, and MC3T3-H1 mouse osteoblasts
to the BSA surfaces (Figures3-5). The cell adhesion rate

A Primary human
100 osteoblasts
% Primary human
osteoprogenitor
80 cells
L primary rat
osteoblasts
60 T.o- MC3T3-H1 mouse
plating osteoblasts
efflflency < M21L
/ % 40
20
0 —
0 0.001 0.01 0.1 1 10 100 1000

peptide concentration / uM ——P»

Figure 3. Dependence of the cell adhesion rate of different osteoblast cultures on
the amount of peptide (thiol peptide P1 with c(-RGDfK-) as the ligand) in the
coating solution. M21L human melanoma cells, which do not express o.f3; or o35
integrin receptors, do not bind to the surface.

(expressed as a percentage; ratio of the number of adherent
cellsx 100 to the number of seeded cells) increases with the
peptide concentration in the coating solution. Encouraging
values of 70-100% adhesion, depending on the osteoblast
type, were obtained by using peptide concentrations of > 10 um
with about 50000 seeded cells per cm? of surface. Furthermore,
cyclopeptide c(-RGDEv-) (v=nb-valine) containing linker 3 (P3),
that is, an aminohexanoic acid spacer and a cysteamine anchor
(Figure 2) at the glutamic acid residue, was synthesized. The only
difference between this compound and the peptide used for
grafting BSA surfaces in other studies''? is the cysteamine anchor
instead of a cysteinamide anchor. This modification should not
have any effect on the activity of the RGD cyclus but is essential
for receiving a linker comparable to
linkers 1 and 2. Figure4 shows that
c(-RGDfK-) is much more effective in
binding osteoblasts to BSA surfaces than
c(-RGDEv-). Receptor-binding studies
with soluble integrins demonstrated that
c(-RGDfK-) is a stronger ligand for the
a,B; and a,fs integrin receptors by a
factor of 5 and 3, respectively, than
c(-RGDEv-).

To prove the validity of the cell-binding
assay the melanoma cell line M21L was
used as a negative control. The reason for
the use of M21L cells is their deficiency in
the expression of a, receptors. As these
melanoma cells show no cell-binding
capacity at all on surfaces coated with
a,-selective RGD peptide (Figure 3), it can

be concluded that the observed cell 1000 pum.
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Figure 4. Effect of peptide sequence and linker length on the adhesion of MC3T3-
H1 mouse osteoblasts. The thiol peptides P1 and P2 contain c(-RGDfK-) as a
highly active and selective integrin antagonist, thiol peptide P3 contains
¢(-RGDEv-) as a ligand, the thiol peptide control contains (3-alanine instead of
glycine [—c(-R(BA)DfK-)] and is inactive.

adhesion phenomena in this system are completely dependent
on the selective peptide and are not affected by other non-
specific cell-binding processes. To prove that the cell adhesion is
mediated by c(-RGDfK-), the osteoblasts were pretreated with
dissolved c(-RGDfK-). They could be inhibited from binding to
the surface depending on the concentration of the dissolved
peptide (Figure 6). Additionally, as a negative control, BSA
surfaces were coated with the control peptide c(-R(8A)DfK-), in
which the introduction of a single methylene group ($-alanine
substitution for glycine) eliminates any binding activity towards
the a,integrin receptors. As expected, no cell adhesion was
observed in this case (Figure 4).

Coating of PMMA surfaces with c(-RGDfK-)

Coating of PMMA surfaces with «,f;-/a,fs-selective integrin
ligands was achieved by functionalization of c(-RGDfK-) with

0.1 1 jm

L1000 umM

Figure 5. Optical microscopy image of MC3T3-H1 mouse osteoblasts (dark) attached on BSA surfaces that
were coated with thiol peptide P1. The peptide concentration in the coating solution was between 0.01 and
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Figure 6. Dose-dependent inhibition of osteoblast binding to surfaces coated
with thiol peptide P1 by dissolved c(-RGDfK-) in various concentrations.

various-linker molecules containing an acrylamide anchor
(Figure 7). These peptides were attached onto PMMA surfaces
with camphorquinone. The coated surfaces were washed several
times before treating with cells. PMMA bone cement was coated

(0] H e]
\/U\N/\/\/\H/N\/\O/\/O\)LOH 6
H (0]

(o} H o
\AN/\/\/\[(N\/\O/\/O\)LN/\/O\/\O/\H’OH 7
H (o] H ¢]

Figure 7. Different acrylamide linkers used for linking peptides to PMMA
surfaces. They differ in length as well as in their hydrophilicity/hydrophobicity
profile.

with a peptide containing aminohexanoic acid as a spacer
between the RGD cyclus and acrylic acid (Figure 7), but these
surfaces did not bind osteoblasts (Figure 8). It was therefore
concluded that the distance between the PMMA surface and the
RGD-binding sequence was too small for an integrin-mediated
binding of cells to the c(-RGDfK-) ligand. Thus, three peptides
containing longer spacers with different lipophilicity/hydrophi-
licity profiles were synthesized (Figure 7): One spacer contains
two aminohexanoic acid residues, the other two spacers contain
only one aminohexanoic acid residue but additionally one or
two triethylene glycol aminocarboxylic acid residues.
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Figure 8. Effect of linker length on binding of MC3T3-H1 mouse osteoblasts to
acrylamide peptides bound to PMMA. Different acrylamide peptides were tested
which differ only in the nature of the linker (see Figure 7). Linker 4 is too short for
adhesion of osteoblasts.

The latter two spacer types were used to introduce a
hydrophilic glycol moiety close to the peptide to avoid a
hydrophobic adhesion of the whole spacer to the polymer. Bone
cement PMMA surfaces coated with any of these three peptides
bind MC3T3-H1 mouse osteoblasts very effectively (Figure 8). A
significant difference in cell-binding capacity between these
three compounds was not observed. Analogous to the thiol
peptides, cell adhesion rates of 100% could be achieved by
using peptide concentrations of >10um with about 50000
seeded cells per cm? of surface. The adherent osteoblasts were
tightly bound to the surface and could not be removed by
washing or shaking. Figure 9 shows an optical microscopy image
of MC3T3-H1 mouse osteoblasts adhered to PMMA surfaces
coated with c(-RGDfK-). It is obvious that the osteoblasts adhere
poorly to noncoated PMMA surfaces. Cells attached to coated
surfaces are forming focal adhesions and are stretched at the

Figure 9. Optical microscopy image of MC3T3-H1 mouse osteoblasts (dark)
attached on uncoated PMMA surfaces (top) and on PMMA bone cement treated
with acrylamide peptide P6 (bottom). The peptide concentration in the coating
solution was 100 um. While the lower image is representative for the coated
surface, the upper image shows the only area of the untreated surface where cell
adhesion was observed at all.
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surface in a typical manner, whereas the shape of cells attached
to noncoated surfaces is spherical. Observing surface-bound
osteoblasts over a period of 22 d, it was found that the adherent
cells proliferated during this time, whereas cells not bound to
surfaces died after a few days. Figure 10 shows the proliferation
rate of adherent osteoblasts over a 22 d period. After this time,
the number of osteoblasts has increased by a factor of 10, so that
the PMMA surface is completely covered.

1 000 000

800 000

number of 600 000
cells

400 000

200 000

0 =
012345 10 15 22

days in culture —Jp

Figure 10. Stimulated proliferation of PMMA-attached MC3T3-H1 mouse os-
teoblasts over a time span of 22 d as a function of ligand density (acrylamide
peptide P6) on the surface compared to an untreated control surface.

The osteoblast phenotype of the osteoblast cultures was
proven by the differentiation markers alkaline phosphatase
(histochemical enzyme assay) and by expression of collagen
type | (immunofluorescence).

Animal studies with a rabbit model showed an induction of
enhanced and accelerated cancellous bone ingrowth for the
RGD-peptide-coated porous implants. Newly formed bone
directly contacts the implant surface, and in fact an ingrowth
of bone tissue towards the center of the porous implant was
visible (Figure 11 A). In contrast, uncoated implants were sepa-
rated from newly formed bone by a fibrous tissue layer
(Figure 11B), which prevented the formation of a direct im-
plant-bone bonding.

Discussion

The thiol peptides P1 and P2 are much more effective in binding
osteoblasts to BSA surfaces than the thiol peptide P3.'% This was
expected as cyclic RGD peptides possess different activities and
selectivities towards specific integrin receptor subtypes. It is well
established that p-amino acids induce preferred conformations
when they are incorporated into a cyclic peptid. RGD pentapep-
tides in which the p-amino acid follows Asp induce a conforma-
tion of the RGD sequence that is best recognized by a,3; and
a,fs integrins. Additionally, a hydrophobic residue in this
position, such as Phe, contributes to activity and selectivity.
Therefore, c(-RGDEv-) is expected to be a weaker binder than
c(-RGDfK-) in any application that involves binding to a,f; or
a,fsintegrins. This was proven by comparing the binding
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Figure 11. Cross-section of implanted PMMA implants (staining according to
Goldner-Masson?). Top: RGD-peptide-coated PMMA implant (magnification

16 x ). Bottom: Uncoated PMMA implant (magnification 16 x ). Color index:
white: PMMA beads; green - blue: already existing bone and newly formed bone
(visible in the top image around the PMMA beads), light brown: newly formed
osteoid, a bone precursor, dark brown: fibrous tissue.

activities of c(-RGDfK-) and c(-RGDEv-) towards isolated a,3; and
a,fBsintegrins:  c(-RGDfK-) binds more strongly to a0
and a,f5s integrins by a factor of 5 and 3, respectively, than
c(-RGDEv-).

For coating BSA surfaces with thiol peptides or PMMA surfaces
with acrylamide peptides, a critical minimum distance of about
3.5 nm between surface and RGD pharmacophor was found to
be essential for effective cell adhesion. The hydrophilicity/
hydrophobicity profile of the spacer has no significant influence
as the peptide with the linker 5 binds osteoblasts nearly as well
as the peptides with the linkers 6 or 7 (Figure 8). Analysis of the
cell adhesion rates as a function of the peptide concentration
(Figures 3, 5, 8) shows a sigmoidal shape for all curves. There-
fore, it can be concluded that there is a critical minimum density
of integrin ligands bound to the surface below which no cell
adhesion can be observed. Beyond the minimum density a direct
dose-dependent increase of cell adhesion with the ligand
density can be observed until the maximum value of 100% is
reached (values above 100% are due to errors in the measure-
ment). The slight decrease in cell binding at high ligand coatings
may result from a negative effect of neighboring ligands on
binding.
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The observation that osteoblasts bound to the surface also
proliferate, whereas suspended cells die within a few hours,
confirms previous observations by Chen etal."” They proved
that integrin-mediated cell adhesion to surfaces can suppress
apoptosis when the surface is large enough to allow cells to
spread. If the surface area is too small, cells die even if they are
adherent. In the experiments reported here no spatial limitation
for cell spreading exists, and apoptosis is prevented.

As shown in the animal studies, the use of tailor-made RGD
peptides is an attractive strategy for generating implants with a
special biological information. This strategy is not only useful for
bone replacements, it might also be an important contribution
to tissue engineering.

Conclusion

A simple but very efficient method for the biofunctionalization
of PMMA surfaces has been developed. This technique can find
medical applications in the development of modern implants to
prevent host-versus-graft reactions. In contrast to other techni-
ques in which surfaces are coated with whole proteins, small
highly active and selective cyclic peptides that contain the RGD-
binding sequence in the bioactive conformation were used for
coating. The peptides chosen exhibit highest activity for a,f;
and a,f3; integrin binding and have a very low affinity for the
a5 integrin. They were covalently bound to PMMA surfaces
through an acrylamide anchor and bind osteoblasts selectively
by interactions with their integrin receptors. In vitro, osteoblasts
tightly attach to coated surfaces and proliferate, thereby forming
a homogeneous cell layer at the polymer surface. In vivo, PMMA
pellets coated with c(-RGDfK-) are integrated faster and more
strongly into regenerating bone tissue of rabbits than uncoated
pellets. These results demonstrate an attractive strategy for the
development of cell-free and bioactive implants that carry the
biological information for the selective activation of those target
cells that are needed for selective tissue regeneration.

Experimental Section

General: Amino acids and coupling reagents were purchased from
Novabiochem, 9-Fluorenylmethoxycarbonyl(Fmoc)-[2-(2-amino-
ethoxy)ethoxylacetic acid from PerSeptive Biosystems, and solid-
phase resin from Pepchem. All other chemicals were purchased from
Aldrich, Sigma, or Fluka. Semipreparative HPLC was performed on a
Beckmann instrument (system gold, solvent delivery module 126, UV
detector 166) using a YMCODS 120-5C18 column (5 pm, 20 x
250 mm), with a flow rate of 6 mLmin”. The eluant was 0.1%
trifluoroactic acid (TFA) in various acetonitrile—water gradients.
HPLC-MS analyses were performed on a Hewlett Packard Series
HP 1100. A YMC ODS-A 120-3C18 column (3 pm, 2 X 125 mm) with a
flow rate of 0.2 mLmin~' and a Macherey & Nagel CC 125/2 Nucleosil
100-5C18 column (5pum, 2x125mm) with a flow rate of
0.3 mLmin~" were used. The eluant was 0.1% formic acid in an
acetonitrile - water gradient (10 —50% acetonitrile in water over
15 min). ESI-MS measurements were performed on a Finnigan LCQ
instrument. NMR spectra were recorded with a Bruker AC250
spectrometer.
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Peptide synthesis

Cyclic peptides: The cyclic peptides were synthesized by a combined
solid-phase - solution methodology: Linear peptides were synthe-
sized by using the Fmoc strategy® on tritylchloride — polystyrene
(TCP) resin.’*34 Amino acids were coupled stepwise with O-(1H-
benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium tetrafluoroborate
(TBTU) and 1-hydroxybenzotriazole (HOBt) as coupling reagents.
Permanent protecting groups were 4-methoxy-2,3,6-trimethylben-
zolsulfonyl (Mtr) for Arg, tert-butyl (tBu) for Asp, and benzyloxycar-
bonyl (Z) for Lys and Glu. Cyclization of the linear peptides was
performed in solution with diphenylphosphoryl azide (DPPA)S> 3¢
and NaHCO;.

Thiol peptides: Reaction of c(-R(Mtr)GD(OtBu)fK-) with succinic
anhydride followed by coupling of S-tritylcysteaminel®” with N-
ethyl-N,N'-(dimethylaminopropyl)carbodiimide hydrochloride (EDCI -
HCl) and deprotection with TFA/H,0/1,2-ethanedithiol (90:5:5)
yielded the thiol peptide P1,5” reaction of c(-R(Mtr)GD(OtBu)fK-)
with N-succinimidyl-S-tritylmercaptopropionate followed by analo-
gous deprotection yielded the thiol peptide P2.5”! Both peptides
were purified by HPLC. S-trityl-protected thiol linker 3 was synthe-
sized using standard procedures of peptide chemistry.®. Analytical
data for 3: 'H NMR (250 MHz, [Dg]DMSO, 27°C): 0 =7.45-7.10 (m,
15H; Trt), 5.55 (m, 1H; NH), 3.05 (g, 3J(H,H) =6 Hz, 2H; CH,-NHCO),
2.65 (t, 3J(HH)=7Hz, 2H; CH,-N), 2.35 (t, 3J(H,H) =6 Hz, 2H; CH,-S),
2.05 (t, 2H; CH,-CONH), 1.80 (s, 2H; NH,), 1.65—1.25 (m, 6 H; (CH,);-);
MS (ESI): m/z (%): 243.1 (100) [Trt]*, 433.0 (5) [M+HI*, 455.1 (7)
[M+Nal*. 3 was coupled to c(-R(Mtr)GD(OtBu)Ev-) with EDCI-HCI.
Purification by HPLC, deprotection with TFA/H,0/1,2-ethanedithiol
(90:5:5), and further purification by HPLC yielded thiol peptide P3.
Analytical data for P3: HPLC - MS (ESI): m/z (%): 365.6 (22) [M+2 HI*",
384.6 (7) [M-+H-+KJ**, 729.6 (100) [M+H]*, 751.6 (8) [M+Na]*, 767.5
(5) IM+K]*.

Acrylamide peptides: The linkers 4 and 5 were synthesized in solution
according to Pless et al.>% The linkers 6 and 7 were synthesized by
solid-phase synthesis using the Fmoc strategy coupling linker 4 as
the last building block. The 'H NMR data of linker 4 agree with those
reported in the literature.[39] Analytical data for 5-7: 5: 'H NMR
(250 MHz, [Dg]DMSO, 27 °C): 6 =8.03 (m, 1H; NH), 7.70 (m, 1H; NH),
6.16 (dd, 3J(HH)=17 10Hz, 1H; =CH), 6.03 (dd, 3J(H,H)=17 Hz,
2J(H,H)= 2.5 Hz, 1H; CH,D), 5.53 (dd, 3J(H,H) = 10 Hz, 2J(H,H) = 2.5 Hz,
1H; CH,®), 3.15-2.95 (m, 4H; N-CH,), 2.17 (t, 3J(H,H) = 7 Hz, 2H; CH,-
C00), 2.02 (t, 3J(HH)=7Hz 2H; CH,-CON), 1.55-1.15 (m, 12H;
(CH,)3); MS (ESI): m/z (%): 299.2 (17) [M+HI*, 321.2 (97) [M+Nal",
337.2 (100) [M+KI*. 6: "TH NMR (250 MHz, CDCl;, 27°C): 6 =6.87 (m,
1H; NH), 6.43 (m, 1H; NH), 6.25 (dd, 3J(H,H) =17 Hz, 2J(H,H) =2 Hz,
1H; CH,), 6.11 (dd, 3JHH)=17 10Hz, 1H; —CH=), 5.62 (dd,
3J(HH)=10Hz, 2J(H,H)=2Hz, 1H; CH,), 4.12 (s, 2H; O-CH,-COO0),
3.73-3.23 (m, 10H; CH,-CH,-O, N-CH, ), 2.22 (t, 3J(HH)=7 Hz, 2H;
CH,-CON), 1.70-1.27 (m, 6H; (CH,);); MS (ESI): m/z (%): 331.2 (100)
[M+HI*. 7: 'TH NMR (250 MHz, CDCl;, 27 °C): 6 = 7.30 (m, 2 H; NH), 6.67
(m, TH; NH), 6.25 (dd, 3J(H,H) = 17 Hz, 2J(H,H) =2 Hz, 1H; CH,), 6.11
(dd, 3J(HH)=17, 10 Hz, 1H; CH=), 5.62 (dd, 3J(H,H) = 10 Hz, 2J(H,H) =
2 Hz, 1H; CH,), 4.13 (s, 2H; O-CH,-COO0), 3.99 (s, 2H; O-CH,-CON),
3.80-3.25 (m, 18H; CH,-CH,-O, N-CH,), 2.20 (t, 3J(H,H)=7 Hz, 2H;
CH,-CON), 1.75-1.27 (m, 6H; (CH,);); MS (ESI): m/z (%): 476.2 (100)
[M+H]*, 498.3 (60) [M+Nal*, 514.3 (21) [M+KI*. The linkers were
coupled to c(-R(Mtr)GD(OtBu)fK-) in solution with O-(7-azabenzo-
triazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate
(HATU), 1-hydroxy-7-azabenzotriazole (HOAt), and collidine. The
resulting acrylamide peptides P4-P7 were purified by HPLC and
deprotected with TFA/H,O (95:5). Analytical data for acrylamide
peptides P4—P7: P4: HPLC - MS (ESI): m/z (%): 771.4 (100) [M+H]T,
793.4 (8) [M+Nal*, 809.3 (5) IM+K]*. P5: HPLC-MS (ESI): m/z (%):
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884.7 (100) [M+HI*, 906.5 (7) [M-+Nal*. P6: HPLC - MS (ESI): m/z (%):
916.5 (100) [M+HI*, 938.6 (7) [M+Nal*. P7: HPLC - MS (ESI): m/z (%):
1061.7 (100) [M+H]*, 1083.6 (7) [M+Na]*. All peptides were finally
characterized by 1D 'HNMR spectroscopy (250 MHz), and the
expected spectra were obtained.

Receptor binding assays: Vitronectin and fibrinogen from human
plasma were prepared as described by Mitjans et al.;* a,,3; was
purified from outdated thrombocytes”" «3; was obtained from
term human placenta.*? The integrins were >95% pure as
determined by SDS-PAGE and by an enzyme-linked immunosorbant
assay (ELISA). Receptor inhibition assays were performed as descri-
bed by Haubner et al.*!

Cell culture: Primary human osteoprogenitor cells were isolated
from human bone marrow stromal cells as described by Vilamitjana-
Amedee et al.* The osteogenic potential of the cells was stimulated
by addition of dexamethasone (1078m) to the culture medium
(culture conditions: Iscove’s modified Dulbecco’s medium (IMDM),
10 % fetal calf serum (FCS); humidified atmosphere, 10% CO,, 37 °C).
Primary human osteoblasts were kindly provided by Siggelkow
etal®! (culture conditions: Dulbecco’s modified Eagle medium
(DMEM), 58.5 pg mL~" glutamine, 10% FCS; humidified atmosphere,
5% CO,, 37°C). Primary rat osteoblasts were isolated according to
Yagiela and Woodbury™® (culture conditions: DMEM, 58.5 ugmL~’
glutamine, 100 pgmL~" penicillin, 100 pgmL~" streptomycin, 10%
FCS; humidified atmosphere, 5% CO,, 37°C). Mouse calvaria
osteoblastic cells of the line MC3T3-H1 were kindly provided by
Heermeier et al.*”! (culture conditions: DMEM, 25 mm 2-[4-(2-hydroxy-
ethyl)-1-piperazinyl] ethanesulfonic acid (HEPES), 100 ngmL~" pen-
icillin, 100 ug mL~" streptomycin, 10% FCS; humidified atmosphere,
5% CO,, 37°C). Human melanoma cells of the line M21L were kindly
provided by Cheresh etal. (culture conditions: Rosswel Park
Memorial Institute (RPMI) 1640 medium, 10% FCS, 2 mmL-glutamine,
and 50 pgmL~" gentamicin; humidified atmosphere, 7.5% CO,,
37°C). The human melanoma cell line M21 is a polyclonal line
isolated from lymph nodes and the M21L cell line is an a,-deficient
M21 subpopulation called M21 Low. All cell culture components
were ordered from GIBCO (UK).

Analysis of cellular integrin expression: The integrin expression
patterns of the different osteogenic cells were measured with a
Becton - Dickinson fluorescence-activated cell sorter (FACS). The cells
were adjusted to 1 x 10° cellsmL~", washed twice with 1% (w/v) BSA
in phosphate-buffered saline (PBS), and analyzed by using fluores-
cently labeled antibodies against a,3; integrin (ab LM 609, isolated
from mouse ascites and kindly provided by Dr. D. A. Cheresh, The
Scripps Research Institute, La Jolla, USA) and «,f35 integrin (ab P1F6,
isolated from mouse ascites and kindly provided by Merck KGaA).

RGD peptide coatings: The covalent coating of the thiol peptides
onto BSA-coated cell culture plates (48 wells) was carried out
according to Ruoslahti et al.“ Peptides were diluted from 10° um to
10~ pm and linked to BSA with sulfosuccinimidyl 4-(p-maleimido-
phenyl)butyrate (Pierce) in a concentration of 1ugmL-~". The
covalent grafting of prepolymerized PMMA discs with peptides
was performed by incubation with a solution of the acrylamide
peptide in DMSO and successive addition of isopropyl alcohol with
0.2% (w/v) camphorquinone at peptide concentrations ranging from
102 um to 10~* um under UV radiation for 2 h.

Cell adhesion assay: The cell adhesion assays were performed as
described by Landegren etal.*® Osteoblasts were seeded on the
substrate at a density of 50000 cells per well. The cells were allowed
to adhere for 1 h under standard tissue culture conditions (i.e., 37 °C,
5% CO,) in culture medium containing 1% BSA (w/v). After another
2 h the wells were washed three times with PBS (pH 7.4) to remove
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nonadherent cells. Attached cells were quantified by an ELISA
detecting the lysosomal enzyme hexosaminidase. The amount of
colored product was measured with an ELISA reader (SLT Rainbow) at
405 nm. Results are given as the percentage of the total number of
cells seeded (which is considered as 100 % of cell adhesion), which is
defined as the plating efficiency. For competitive cell adhesion
assays, the cells were preincubated with dissolved RGD peptides of
different concentrations for 15 min and then incubated on the RGD-
peptide-coated surface as described above. In all experiments, the
mean value of each point given in the figures is the result of triplicate
determinations, the error bars represent standard deviations. The
number of identical but independent in vitro experiments was at
least three.

Cell proliferation assay: Proliferation was observed by using the
WST-1 colorimetric test, which measures mitochondrial dehydrogen-
ase activity by formazan reaction. 12500 cells per well were seeded
under serum-free conditions (DMEM, 25 mm HEPES, 0.1 %BSA (w/v) in
PBS) on the different surfaces. After 2 h of treatment under standard
culture conditions the cells were washed three times to remove
nonadherent cells. Discs were then cultured for 22 d. Exchange of
culture medium was carried out routinely every 3d. The first
measurement was done after 24 h. The test was performed as
described by Hamasaki et al.®" The osteogenic cells were incubated
with WST-1 reagent for 4h at 37°C. The colored product was
measured over a period of 22d (on day 1, 2, 3, 4, 5, 10, 15, 22) at
450 nm using an ELISA reader (SLT Rainbow). The osteoblast
phenotype of the osteoblast cultures was proven by the differ-
entiation markers alkaline phosphatase (histochemical enzyme
assay) and by expression of collagen type | (immunofluorescence).
In all experiments, the mean value of each point given in the figures
is the result of triplicate determinations, the error bars represent
standard deviations. The number of identical but independent in
vitro experiments was at least three.

Animal studies: A rabbit model was used for the animal studies.
PMMA implants (8 mm length, 4.6 mm diameter) were made of hard
tissue repair material (HTR; Walter Lorenz, Jacksonville, USA) glued
with monomethyl methacrylate to build interconnective porosity.
RGD-peptide-coated and -uncoated control PMMA implants were
with direct contact to bone (press-fit implantation) implanted into
the patella groove with the diamond bone cutting system (DBCS)
from Merck Biomaterial GmbH (Germany). After two weeks the
implants were removed, and newly formed bone was examined by
analyzing cross-sections with a histological staining method accord-
ing to Goldner-Masson.*? The animal study results represent six
implants of each group in six animals.
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The Substrate Specificity of a Recombinant
Cysteine Protease from Leishmania mexicana:
Application of a Combinatorial Peptide Library

Approach

Phaedria M. St. Hilaire, " Lira C. Alves,™ Sanya J. Sanderson,? Jeremy C. Mottram,!
Maria A. Juliano,® Luiz Juliano,® Graham H. Coombs,! and Morten Meldal*

The substrate specificity of CPB2.8ACTE, a recombinant cysteine
protease from Leishmania mexicana, was mapped by screening a
fluorescence-quenched combinatorial peptide library. Results from
library screening indicated a preference for Arg or Lys in the S;
subsite and for hydrophobic residues, both aliphatic and aromatic,
in S,. The S, subsite exhibited a specificity for the basic residues Arg
and Lys. Generally, the specificity of the primed subsites was less
strict compared with the non-primed side which showed preference
for Arg, Lys and Ala in S, Arg, Pro and Gly in S, and Lys, Arg and Ser
in S,,. By contrast, a strict preference for the basic residues Arg and
Lys was found for S;. Overall, there was a trend for basic residues in
alternating subsites and smaller residues in the primed sites
compared with the non-primed sites. In addition, there were strict
requirements for the amino acids in subsites S;-S,. Fluorescence-
quenched peptides from the library with the highest on-resin
cleavage were resynthesised and their kinetics of hydrolysis by

Introduction

The protozoal parasites of the genus Leishmania, the causative
agent of leishmaniasis, express, in a stage-regulated manner,
high levels of several classes of cysteine proteases (CPs)
belonging to the papain family. In Leishmania mexicana, one
group of cysteine proteases, CPBs (cysteine proteases of
group B),? are expressed from a single tandem array comprising
19 gene copies (CPBT-CPB19), with individual genes encoding
subtly different isoenzymes.! It is thought that the CPs are
central to the survival of the parasite in a mammalian host.*
The precise mechanisms involved are yet to be elucidated,
however, one probability entails the internalisation of MHC
class Il molecules of the host macrophages by the amastigotes
followed by their degradation within parasitic lysosomes by the
parasite cysteine proteases. This may be a means of circum-
venting the host’s immune system.’*” CPB null mutants show
reduced infectivity to macrophages in vitro and also to BALB/c
mice, compared with wild-type parasites. Re-expression of a
single isoform from the CPB array (CPB2.8) restored infectivity
towards macrophages to wild-type levels and implicate these
CPB isoenzymes as virulence factors.® Inhibitors of the CPB
isoenzymes have been shown to reduce the infectivity of wild-
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CPB2.8ACTE assessed in solution phase assays. Several good
substrates containing the quintessential dipeptide particular to
cathepsin-L-like enzymes, -F-R/K-, in P, and P, were identified (e.g.
Y(NO,)-EKFR | RGK-K(Abz)G, Abz=2-aminobenzoyl; kK, "=
4298 mm~'s). However, novel substrates containing the dipeptide
-L/I-Q- in P, and P, were also well hydrolysed (e.g. Y(NO,)-YLQ |
GIQK-K(Abz)G; k..K, '=2583mm 's"). The effect of utilising
different fluorescent donor — quencher pairs on the value of k .. K,,,”"
was examined. Generally, the use of the Abz/Q-EDDnp donor-
quencher pair (EDDnp = N-(2,4-dinitrophenyl)ethylenediamine) in-
stead of K(Abz)/Y(NO,) resulted in higher k..K,~' values for
analogous substrates.

KEYWORDS:

fluorescence

combinatorial chemistry - enzyme catalysis -
resonance energy transfer - hydrolases - proteases

type parasites both in vitro towards macrophages® ° and in vivo
towards BALB/c mice,"” thus providing further evidence that
these CPB isoenzymes are virulence factors.

Mature cysteine proteases of this class from L. mexicana are
composed of two domains: a catalytic domain of 219 amino
acids and a C-terminal extension (CTE) typically 100 amino acids
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long.? ™ The function of the CTE has long been debated and
their role in the targeting of the protein to lysosomes has been
theorised. However, the evidence so far points to the fact that a
full-length CTE is not required for enzyme trafficking and is not
essential for the catalytic activity of the enzyme.® 2 '3 Recently,
the prodomain has been shown to be sufficient for trafficking of
the cysteine proteases to lysosomes.!'

Because of their tremendous importance in the etiology of
leishmaniasis, the parasite’s CPs are attractive alternative targets
for therapeutic agents that ameliorate the symptoms of
leishmaniases. The currently most viable chemotherapeutic
treatment of the disease is unsatisfactory due to high toxicity!"
and the development of drug-resistant parasites.'®'! As a
preface to the development of specific inhibitors of the cysteine
proteases of L. mexicana, we first characterised the substrate
specificity of the CPB2.8 isoform (implicated in the restoration of
infectivity towards macrophages’®) by screening an intramolec-
ularly fluorescence-quenched peptide library.'®-2"" A character-
isation of the substrate specificity is fundamental for under-
standing the subtle differences between the isoforms of the
enzyme, for establishing that recombinant enzymes lacking the
CTE have the same activity and specificity as the native enzymes,
for designing inhibitors and for screening of inhibitor libraries as
previously demonstrated.?2 21 We present herein the first
systematic characterisation of the substrate specificity of
cysteine protease CPB2.8 from L. mexicana® 24 by the use of a
fluorescence-quenched combinatorial peptide library.
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Results
Library synthesis

The fluorescence-quenched library of the general structure
shown in Figure 1 was synthesised on 1.7 g PEGA,** resin
(200-800 um beads).”? Seven positions (X;-X,) were rando-
mised by using all 20 genetically encoded amino acids. The
peptide sequences were flanked by the fluorescence donor
AbzOH attached to the side chain of lysine (—K(Abz)), and by the

Abz
HN-Y (NOZ) -X7XXXXXX1—K
Ac— K—K—]

H,N-Y (NO,) - X, XXXXXX,—K

Abz

Figure 1. Peptide library construct. The library, which contained free N termini,
was synthesised on PEGA gy, resin, and the loading was doubled by incorporation
of the sequence of two Lys residues. X,- X, are randomised positions.

fluorescence quencher, 3-nitrotyrosine (Y(NO,)). The Lys-Lys
sequence was incorporated to double the loading of the resin;
initial loading was 0.13mmolg~' and final loading was
0.21 mmolg~". The peptides were synthesised by using the
Fmoc/OPfp ester methodology'?”! except for the incorporation of
K(Abz) and Y(NO,), which were incorporated by using TBTU/NEM
activation.”?! Based on the results of Edman degradation,
synthesis of the library proceeded smoothly to afford a single
compound per bead.

Screening of peptide libraries

After incubation of the library with CPB2.8ACTE, beads of
varying degrees of fluorescence were isolated from the library
and the amino acid sequence of 41 beads was determined by
Edman degradation. In three cases, it was impossible to
determine the sequence from the Edman degradation data,
therefore, the sequences of 38 beads only are shown in Table 1.
The results from the sequencing showed that roughly 42% of
the peptides were cleaved at two positions and the alignments
resulting from both cleavages are shown (Table 1) and used for
the generation of the amino acid subsite frequency diagrams
shown in Figure 2. While most of the peptides were roughly
centrally cleaved by the enzyme, in about half of the peptides
with the N-terminal sequence Y'-R/K/H-X- (Table 1, peptides 1-
13) were cleaved after the basic amino acid to release the
N-terminal dipeptide in addition to hydrolysis at a primary
cleavage site. The percentage of peptide hydrolysed by the
enzyme on each bead varied widely.

The results from screening of the library indicated that the
hydrolysed peptides were highly basic, with 92% of the
sequences containing 2 to 4 and 49% containing 3 to 4 basic
residues. The specificity requirements for the non-primed site

[**] For abbreviations see ref.[1].
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Table 1. Peptide sequences obtained from screening of the peptide library (Y'-X,XXsX.X;X;X;-K') with CPBACTE.[ ¥
Compd. Peptide Sequence Hydr. [%]
P, Ps Ps P, P P, P, X X Py P, Py X X

1a Y ? l E Q E R K M K n.d.

2a \4 R 1 F - Y - S - K 21

3a Y’ R 1 A R S G K A K 18

4a Y’ R 1 S T | R R G K 25

5a Y’ R 1 N S N A N R K 25

6 Y’ R 1 N Y N N F R K 16

7a Y K 1 T w R P Vv R K 1

8a Y K 1 K | R Y A D K 16

9 Y’ K 1 K G R Vv P Y K 64
10 Y’ K 1 L H P K L K K 26
11a Y L | Q H L H H N K 10
12a Y H 1 R A W N Vv R K 13
13a Y Q i N K R S R M K 16
14a Y R | 1 | R | K R K’ n.d.
15a Y | R 1 W R Q Q Y K 6
16a Y | R 1 R Y L R E K’ 4
17 Y L K 1 A P Y S R K’ 65
18 Y L K ! A K K M G K’ 37
19a Y L K 1 L L R K M K’ 12
20 Y \Y K 1 T P K T S K’ 8
21 Y Q L \Y 1 L Q c? \Y K’ 31-93
22 Y Y L Q 1 G | Q K K’ 38-45
23 Y K | Q ! Vv | K G K’ 75
24 Y K L F 1 N P K F K’ 70
25 Y R F F 1 R N R F K’ 54
26a Y T \Y K ! Y K Vv P K’ 73
274 Y R | K 1 R/S N | S K’ 55-62
28 Y M F K 1 G | W K K’ 54
2b Y R F - 1 Y - S - K’ 64
3b Y R A R 1 S G K A K’ 51
29a Y K L S 1 K Y L S K’ 36

4b Y R S T 1 | R R G K’ 9

7b Y K T w 1 R P \ R K’ 9
30 Y R T L K 1 A R R K’ 80
31 Y K ? | K 1 S K K K’ n.d.
32 Y P K F R 1 S F N K’ 67-76
33 Y E K F R ! R G K K’ 70
34 Y P R F R l T G S K’ 45-70
8b Y K K | R l Y A D K 68
15b Y [ R w R ! Q Q Y K 5
13b Y Q N K R l S R M K 29
35 Y P Q A ] ! A F R K 32-42
26b Y T Vv K Y K l Vv P K’ 7-17
36 Y’ | E R F K l M R K 60
11b Y L Q H L H 1 H N K’ 60
37 Y’ P Y R F H | T P K’ 51

2b Y’ R F - Y - 1 S - K’ 26

4c Y R S T | R 1 R G K 28
19b Y’ L K L L R 1 K M K’ 7-8

1b Y’ ? E Q E R | K M K’ 95
29b Y’ K L S K Y L | S K’ 33
12b Y’ H R A W N \ 1 R K’ 25

5b Y R N S N A N l R K’ 42
16b Y | R R Y L R l E K 37
38 Y’ A N H F L R l T K’ 13-30

3c Y R A R S G K l A K’ 16
14b Y R | | R | K | R K’ 21
[a] Assay conditions: 0.1m Na phosphate, 137 mm NaCl, 10 mm DTT, pH 6.0, 37°C. [b] | =cleavage site. Peptides with more than one cleavage site are
designated a-c. Y =Tyr(NO,), K' = Lys(Abz). [c] Approximate degree of hydrolysis of resin-bound peptide based on results of Edman degradation. [d] It was not
possible to conclusively identify the amino acid as Ser or Arg. n.d. = not determined.

were stricter than for the primed sites, particularly for S;-S,. Of  (Arg and Lys), secondary (Pro) and small polar (Ser) amino acids
the primed sites, S; exhibited the strictest requirement. There  appearing with equal frequency. There was a preference for Arg
appeared to be no specificity in the S, site with acidic (Glu), basic  or Lys in the S; subsite and for hydrophobic residues, both
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Figure 2. Amino acid frequency in enzyme subsites. Peptide sequences were
identified from screening of the fluorescence-quenched peptide library and are
shown in Table 1.

aromatic and aliphatic, in S,. In that position, Phe and lle
occurred with equal frequency and were slightly surpassed by
Leu. The S, subsite exhibited a specificity for the basic residues
Arg and Lys. The S; site showed favour for Arg, Ser, Lys and Ala,
while Arg, Pro and Gly were slightly predominant in S,. As for S,
and S;, a strict preference for the basic residues Arg and Lys was
once more observed in S;. Overall, there was a trend for smaller
residues in the primed sites compared to the non-primed sites
and basic residues in the alternating subsites, P;, P, and P} and
P; (thus the general structure was X-R/K-X-R/K | -R/K-X-R/K). In
the event that a basic residue was not present in the expected
subsite, it was placed in an adjacent subsite (e.g. R/K-X-X-R/K | -
X-R/K-X and/or X-R/K-X-R/K | -R/K-X-X-R/K).

Kinetic characterisation of selected peptides from the library

Fluorescence-quenched peptides with the highest on-resin
cleavage and primarily one cleavage site were selected from
the library and resynthesised. Two different fluorescence do-
nor —quencher pairs, K(Abz)/Y(NO,) and Abz/Q-EDDnp, were
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used to evaluate their respective effects on the kinetics of
hydrolysis of the selected peptides. The hydrolysis of Abz/
Q-EDDnp peptides was performed at pH 5.5, at which the
enzyme exhibits maximal activity (Figure 3). Hydrolysis of K(Abz)/
Y(NO,) peptides was carried out at pH 6.5, at which the enzyme
still retains about 95% of maximal activity and is longer active
than at pH values below 6.0. These experiments were carried out
at higher pH than for Abz/Q-EDDnp peptides in order to
optimise the quenching effect of Y(NO,), although K(Abz)/Y(NO,)
substrates have been useful at low pH.?”!

4.5
4 ]
3.5 —
3
2.5 |
2
~1
kcat Km /
1.5 |
mM-ig—l
1
0.5 4
0 T T T T 1
4 5 6 7 8 9

PH —»

Figure 3. pH profile of CPB2.8ACTE activity determined at 37°C, using Abz-
EKFRRGKQ-EDDnp as substrate.

The kinetic parameters for substrate hydrolysis are shown in
Table 2, wherein the substrates were sorted by the polarity index
of the amino acids at the three most restrictive subsites, P;, P,
and P,. It is clear from the data in Table 2 that the kinetic
constants are affected by the use of the different pairs of
reporter groups. Frequently, the use of the Abz/Q-EDDnp donor-
quenched pair resulted in higher kK, ' values for the
analogous substrates due either to faster rates of hydrolysis,
lower K., values or a combination of both. In a few instances, the
effect of changing reporter groups was quite dramatic, making
good substrates resistant to hydrolysis (see 18, 24 and 30 in
Table 2). In two instances, the cleavage points of the substrates
were different, as in peptides 8 and 11 (Table 2) where the Y(NO,)
residue fits to the S, subsite and the enzyme acts as an amino-
dipeptidase. The effects of the fluorescence donor and quencher
groups depend on both the peptide sequence and on their
distance from the scissile bond, as was previously reported for
papain.?"! These variations in kinetic constants notwithstanding,
the same general trends of the CPB2.8ACTE specificity towards
the identified peptide sequences were observed for both series
of substrates.

The substrates with the highest specificity constant had the
preferred amino acid in most restrictive subsites (P;—P;) and
generally contained the basic-hydrophobic-basic motif in those
sites (Table 2). They also had the highest on-resin cleavage (i.e.
60-80%, Table 1). These substrates had the highest k., values
and bound less tightly to the enzyme (higher K,)). The presence
of Phe in P, seemed particularly advantageous compared to lle
or Leu. In some cases, the lack of a basic residue in P; was
compensated by having it in P, (peptides 16 and 30). Substrates
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Table 2. Kinetic parameters for CPB2.8ACTE hydrolysis of selected peptides
identified from the library screen.!
Compd.  Sequence K., Keat Keat Ky ™" K
[ [s77  [mm's7] [um
P, (basic)-P, (hydrophobic)-P, (basic)
8a,b Y'-K | KIR| YAD-K'G 1.34 0.60 462 n.d.
Abz-KKIR || YAD-Q' 1.40 1.12 784 n.d.
11a,b Y’-L | QHLH | HN-K'G 0.71 0.55 775 n.d.
Abz-LQ || HLHHN-Q' 0.20 1.15 5793 n.d.
26a,b Y'-TVK | YK} VP-K'G 064 089 1390 n.d.
Abz-TVK | YK || VP-Q' 0.47 0.46 978 n.d.
27 Y'-RIK || RNIS-K'G 0.50 0.43 877 n.d.
Abz-RIK || RNIS-Q’ 0.30 0.47 1538 n.d.
32 Y'-PKFR |} SFN-K'G 0.15 0.62 4133 n.d.
Abz-YPKFR |} SFN-Q’ 0.40 2.75 6906 n.d.
33 Y'-EKFR || RGK-K'G 0.57 245 4298 n.d.
Abz-EKFR |} RGK-Q’ 3.0 7.8 2700 n.d.
34 Y'-PRFR || TGS-K'G 1.13 1.47 1300 n.d.
Abz-YPRFR | TGS-Q’' 0.77 1.85 2385 n.d.
36 Y'-IERFK || MR-K'G 0.33 1.14 3413 n.d.
37 Y'-PYRFH | TP-K'G 1.80 1.40 778 n.d.
Abz-YPYRFH || TP-Q’ 1.70 1.41 817 n.d.
P; (hydrophobic)-P, (hydrophobic)-P, (basic)
16a,b Abz-IR |[RYLRJE-Q 036 080 2300 n.d.
17 Y'-LK | APYSR-K'G 0.31 0.51 1645 n.d.
YLKAKKMG-Q-NH, n.d. n.d. n.d. 0.330"!
18 Y'-LK |} AKKMG-K'G 0.39 0.77 1974 n.d.
Abz-YLKAKKMG-Q’ n.d. n.d. n.d. 0.018
25 Abz-YRFFRNRF-Q' n.d. n.d. n.d. 0.039
28 Y'-MFK} GIWK-K'G 0.34 0.31 912 n.d.
Abz-MFK || GIW K-Q' 0.10 0.78 7590 n.d.
P, (basic)-P, (hydrophobic)-P, (hydrophobic)
14a,b Abz-RIIRIKR-Q n.d. n.d. n.d. 0.042
19a,b Abz-LKLLRKM-Q' n.d. n.d. n.d. 0.012
24 Y'-KLFNPKF-K'G n.d. n.d. n.d. 0.031
Abz-KLF |} NPKF-Q’ 0.17 0.70 4118 n.d.
29a,b Y'-KLSKYLS-K'G n.d. n.d. n.d. 0.036
Abz-KLSKYLSK-Q’ n.d. n.d. n.d. 0.007
38 Abz-ANHFL | CT-Q’ 0.44 1.47 3344 n.d.
other combinations of P;, P, and P,
21 Y-QLV | LQCV-K'G 056 0.14 259 n.d.
22 Y'-YLQ |l GIQK-K'G 0.24 0.62 2583 n.d.
Abz-YLQ |} GIQK-Q' 0.20 0.67 3300 n.d.
23 Y'-KIQ |} VIKG-K'G 0.18 0.40 2555 n.d.
Abz-KIQ |} VIKG-Q' 0.66 0.60 913 n.d.
30 Y'-RTLKARR-K'G n.d. n.d. n.d. 0.075
Abz-RTLK |} ARR-Q’ 0.14 1.10 7597 n.d.
[a] {} =major cleavage site; | =minor cleavage site. For peptides 8, 11 and
26, the ratio of major:minor product was 70:30, for peptide 16, it was 90:10.
[b] This peptide was hydrolysed with a velocity similar to that of its
analogue containing the Y(NO,)/K(Abz) pair. n.d.= not determined.

having the hydrophobic-hydrophobic-basic sequence in the P,
to P, subsites had fairly high kK., values primarily due to
tighter binding (lower K) than those with the basic-hydro-
phobic-basic motif. To a lesser extent, substrates with the -L/I-Q
motif in P, and P, were hydrolysed well. In agreement with the
library screening results, the requirements in the primed subsites
were less strict, with most substrates containing one or more of
the preferred residues in positions P;-Pj.

Some of the peptides presented in Table 2 (14, 19, 24, 29 and
38) are particularly interesting, since they contain the basic-
hydrophobic-hydrophobic sequence of amino acids in P;-P,
and were slowly hydrolysed by the enzyme both in solution

CHEMBIOCHEM 2000, 1, 115-122

phase assays as well as on solid phase during the library
screening (Table 1). The affinity of these peptides for
CPB2.8ACTE was evaluated by assaying them as inhibitors, and
the K; values were obtained from typical competitive inhibition
reactions using Z-Phe-Arg-AMC as the substrate. Exceptions to
this general trend are peptides 24 and 38, both labelled with
Abz/Q-EDDnp, which were efficiently hydrolysed by the enzyme.

Discussion

Cysteine proteases from trypanosomatid parasites are important
targets for a new generation of therapeutic agents. It is crucial
that these protease inhibitors exhibit high specificity for the
parasite’s enzyme. Since the genes encoding many of these
enzymes are in tandem arrays resulting in isoforms with subtly
different substrate specificities, it is important for the design of
highly specific inhibitors that the substrate specificity of these
enzymes be characterised. To date, there has been limited
systematic characterisation of the entire substrate specificity of
protozoal proteases. Their specificity has generally been char-
acterised by conventional methods involving the systematic yet
tedious synthesis of several substrates usually containing a
chromophore (AMC or pNA) at one end. This approach is limited
because it is practically impossible to synthesise all the possible
different substrates for testing and, furthermore, the use of
chromogenic substrates gives rise to information about the
requirements of the non-primed (S) or primed subsites (S')
independently. In addition, it has been demonstrated that
subsite — substrate interaction is generally dependent on the
substrate structure and is not necessarily additive.?®! The use of
an internally quenched fluorescent substrate,?”2%3% on the
other hand, gives information about both the non-primed and
primed subsites simultaneously, making the use of a fluores-
cence-quenched peptide library (in which case the enzyme itself
selects substrates for hydrolysis) ideal for the investigation of the
substrate specificity of proteolytic enzymes.['8 19 21 311

The screening of a fluorescence-quenched combinatorial
peptide library has resulted in the characterisation of the
substrate specificity in both the non-primed and primed subsites
of the CPB2.8 isoform (lacking the C-terminal extension) from
L. mexicana. The specificity of the enzyme determined herein is
similar to that of the related enzyme from Trypanosoma cruzi,
cruzipain,'? with which it shares a 59% homology in the mature
domain." In CPB2.8ACTE, the most restrictive subsites are S, S,
and S;, and the best substrates (e.g. Abz-YPKFR | SFN-Q’ (32)
and Y'-EKFR | RGK-K'G (33)) share the basic-hydrophobic-basic
motif in the P;-P, positions. By contrast, peptides containing
the basic-hydrophobic-hydrophobic sequence of amino acids in
these positions were slowly hydrolysed and inhibited the
enzyme. The inhibitory nature of these peptides may be related
to their resemblance to the RYLNGA sequence of the proregion
of CPB2.8.7! It is well documented that cathepsins B and L and
cruzipain are inhibited by their respective proregions.’3% 33

The specificity of the primed sites of CPB2.8ACTE was less
strict than that of the non-primed sites and favoured small
amino acids. However, there was at least one basic residue in
P;—P; Generally, there were basic residues in the alternating
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subsites, P; and P;, and P; and P} and in the event that a basic
residue was not present in the expected subsite, it was placed in
an adjacent subsite. This preference of basic residues in
alternating subsites might be correlated to the nature of the
amino acids in the active site. It is possible, as in the case of
cruzain, that basic residues in the substrates form salt bridges
with some of the acidic residues that line the active site such as
Asp18, Glu112, Asp158, Asp64, Asp61 and Glu205 (papain
numbering)."" 34 In addition to the expected substrates descri-
bed above, a new type of substrate containing lle or Leu in P,
and GIn in P, was identified by using the library method: Abz-
YLQ | GIQK-Q' (22) and Y'-KIQ | VIKG-K'G (23). This finding is in
agreement with results of experiments with cruzipain where it
was also found that substrates with Leu in P, were well
hydrolysed by the enzyme.'™ The acceptance of GIn in P, is
probably related to the fact that GIn can interact with a
carboxylate group through hydrogen bonding in a similar
manner as the guanidino group of Arg® and is one of the
preferred structural replacements for exposed arginines in
protein mutations.®

A close examination of the good substrates possessing the
basic-hydrophobic-basic motif in P;—P, reveals that Phe most
frequently occupies the P, site. This observation is in agreement
with previous experiments using short AMC substrates that
demonstrated the cathepsin-L-like specificity of the en-
zyme.?* 37 Substrates with a hydrophobic residue (Phe) in P,
and Arg in P, were hydrolysed to a larger extent than those with
Arg in P,. The cathepsin-B-like enzyme from Leishmania major
which has an 80% sequence homology to CPB2.8 exhibits a
similar specificity towards small substrates.® 39 It is noteworthy
that of the 57 cleaved sequences obtained from the library
screen, only two sequences (13b and 14a) were hydrolysed
when a basic residue occupied P,.

An analysis of the cleaved sequences shown in Table 2
suggests that the CPB2.8ACTE enzyme can act as an amino-
dipeptidase. Substrates containing the N-terminal sequence
Y'-R/K/H-X- (Table 1, peptides 1-13) were cleaved after the basic
amino acid to release the N-terminal dipeptide in addition to
hydrolysis at a primary cleavage site. This ability to accommo-
date Y(NO,) at S, is in keeping with recent observations that the
presence of electronegative substituents on an aromatic ring at
P, enhances the interaction of the substrate with the en-
zyme.2" 4% Another interesting finding from the library results is
that Pro is a favoured residue in P, and substrates containing Pro
in that position are fairly well cleaved by the enzyme (Table 2,
peptides 17, 26 and 37). This finding is also true for cruzipain!'
and may reflect the substrate specificity of the enzyme during
auto-processing to the mature, active form (cleavage sites for
CPB2.8: proregion: --DLSA | VPDA--, CTE: --RESA | APGT--).

It must be noted that while the use of different donor-
quencher groups resulted in different kinetic constants, the
specificity requirement in the respective enzyme subsites was
generally maintained. However, in a few instances, simply
changing the nature of the reporter groups induced a radical
conversion from substrate to inhibitor (and vice versa). This
finding underscores the interdependency between an enzyme’s
subsites and the fact that subtle changes at the distal ends of a
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substrate can affect its entire orientation or conformation,
making catalysis more facile or impossible. As observed from
modelling studies with papain, small changes in the substrate
(e.g. changing one amino acid) can cause its alignment in the
active site to shift such that the sulfur atom of the cysteine
residue is no longer able to attack the carbonyl C atom of the
peptide bond and attacks an adjacent carbonyl group instead."
A more detailed structural analysis of this conversion from
substrate to inhibitor (and vice versa) will be carried out once a
crystal structure of the enzyme is obtained.

In conclusion, the screening of fluorescence-quenched sub-
strate library with isoform CPB2.8 from Leishmania mexicana has
allowed the enzyme to select several good substrates, both
those expected because of its similarity to cruzipain as well as
other unexpected, but logical ones.

Experimental Section

General: Dichloromethane and DMF were dried, distilled, and stored
over 3 A molecular sieves under inert gas. Fmoc amino acids and
their Pfp ester derivatives were purchased from Bachem and
NovaBiochem. Fmoc-Lys(Boc-Abz)-OH, Fmoc-Tyr(NO,)-OH and
Fmoc-Glu-EDDnp were prepared as previously described.?” 41 The
substitution of the resins was determined by spectrophotometric
analysis (Perkin-Elmer Lambda?7 UV/Vis spectrophotometer) at
290 nm of the dibenzofulvenepiperidine adduct formed upon
deprotection of the amino-terminal Fmoc group. Purification of Y'-
peptidyl-K' peptides was performed by preparative reverse-phase
HPLC on a Waters HPLC system with a delta pak C-18 column (200 x
25 mm) and a linear gradient of solvent A (0.1% TFA in water) and
solvent B (0.1% TFA in 90% ag. MeCN) at a flow rate of 20 mLmin~".
Amino acid sequencing was performed on a Shimadzu Sequencer
model PPSQ-23 for peptides in solution, and on Applied Biosystems
Sequencer models 477A or 470A equipped with an on-line phenyl-
thiohydantoin analyzer (Model 120A) for resin-bound substrates.
MALDI-TOF MS of synthetic peptides, Y'-peptidyl-K’, was performed
on a Finnigan Lasermat 2000 with a matrix of a-cyano-4-hydroxy-
cinnamic acid. The Abz-peptidyl-Q-EDDnp substrates and their
fragments were analysed in the reflectron mode on a TofSpec-E
instrument from Micromass.

Enzyme expression and purification: L. mexicana CPB2.8ACTE was
expressed, purified and activated as previously described.?* The
concentration of the enzyme stock solution (11.4 pm) was determined
by active-site titration with human cystatin (a generous gift from Dr.
Magnus Abrahamson, University of Lund, Sweden) using Z-Phe-Arg-
AMC as the substrate.

Determination of the pH profile of the enzyme: The activity of
CPB2.8ACTE was determined over the pH range 4.5 to 8.5 at 37°C,
using Abz-EKFRRGKQ-EDDnp as substrate and 0.74 nm enzyme. The
following buffers augmented with 2 mm EDTA and 200 mm NaCl were
used: 0.1m sodium acetate for pH 4.5 to 5.5, 0.1 m citrate/phosphate
for pH 5.5 to 6.5, 0.1 m sodium phosphate for pH 6.5 to 7.5 and 0.1 m
tris/HCI for pH 7.5 to 8.5.

General methods for solid-phase peptide synthesis: Synthesis of
the peptide substrates and the library of general structure
Y'X;XeXsX,X5X,X; K" was carried out manually by MCPS¥? 431 on PEGA
resin in a 20-column teflon synthesis block as previously described.?"!
Reaction completion was assessed by using either Dhbt-OH
(1 equiv), which served both as an acylation catalyst and an indicator
of the reaction completion,*¥ or by the Kaiser test.*!
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Solid-phase  substrate library synthesis: The library,
Y(NO,)X;XcXsXsX5X,X,K(Abz) (Figure 1), containing all 20 genetically
encoded amino acids was prepared on PEGA,y, resin as previously
described.?" 46!

Solid-phase multiple-column synthesis of Y'-peptidyl-K": Lead
peptides from the library screen were synthesised on PEGAg, resin
(150-300 um beads, loading=0.34 mmolg~', 19 um peptide per
well) as previously described.?" After cleavage from the resin, the
peptides were characterised by MALDI-TOF MS and their purity
assessed by analytical HPLC.

Solid-phase synthesis of Abz-peptidyl-Q-EDDnp: Peptides were
synthesised according to the manufacturers protocol by using the
Fmoc methodology on an automated bench-top simultaneous
multiple solid-phase peptide synthesiser (PSSM 8 system from
Shimadzu) as previously described.*"! After deprotection, the
peptides were purified by semi-preparative HPLC using an Econosil
C-18 column (10 w, 22.5 x 250 mm) and a gradient of solvent A and
solvent B. The column was eluted at a flow rate of 5 mLmin~" with a
10 —50 (or 30 —60)% gradient of solventB over 30 (or 45) min.
Analytical HPLC was performed on a binary HPLC system from
Shimadzu which was equipped with a SPD-10AV Shimadzu UV-Vis
detector and a Shimadzu RF-535 fluorescence detector, coupled to
an Ultrasphere C-18 column (5u, 4.6 x 150 mm). Peptides were
eluted with solvent systems A1 (H;PO,/H,0O, 1:1000) and B1 (MeCN/
H,0/H;PO,, 900:100:1) at a flow rate of 1.7 mLmin~' and a 10 —80%
gradient of B1 over 15min. The HPLC column eluates were
monitored for absorbance at 220 nm and fluorescence emission at
420 nm upon excitation at 320 nm. The masses of the synthesised
peptides were analysed by MALDI-TOF MS.

Solid-phase library screening: The library (300 mg, ca. 50000 beads)
was washed (2 x 10 min) with assay buffer (100 mm phosphate
buffer, pH 6.0, augmented with 10 mm DTT) then incubated with
activated CPB2.8ACTE (100 pL of stock solution; 117 nm) at 37°C in
7mL assay buffer. The fluorescence intensity of the beads was
monitored with a fluorescence microscope every 30 min for
indications of hydrolysis. After 3h, several beads showed a
fluorescent “ring” indicating hydrolysis of some of the peptides on
the beads. The reaction mixture was treated with cysteine protease
inhibitor E-64 for 1 h before treatment with 2% aq. TFA solution
(2 x 5min), water (2 x), 2% NaHCO; (2 x ), then water (3 x). The
fluorescence intensity of the beads was assessed by inspection with
a fluorescence microscope, and bright beads were collected and
transferred to a TFA-treated cartridge filter for on-resin sequence
analysis. The amino acid sequence and the cleavage point of the
peptide substrates were determined by Edman degradation. The
extent of cleavage was determined by a comparison of the amount
(picomoles) of an amino acid in both the non-cleaved and cleaved
peptide in different cycles of the degradation.

Hydrolysis of fluorescence-quenched substrates in solution:
Hydrolysis of fluorogenic peptide substrates was carried out using
0.1m sodium acetate, pH 5.5, augmented with 2 mm EDTA, 200 mm
NaCl and 10 mm DTT, for Abz-peptidyl-Q-EDDnp peptides, and 0.1m
sodium phosphate, pH 6.5, augmented with 2 mm EDTA, 200 mm
NaCl, and 10 mm DTT for Tyr(NO,)-peptidyl-Lys(Abz)-Gly-OH peptides.
All experiments were carried out at 37°C with enzyme pre-
incubation in 10 mm DTT for 15 min at room temperature. Substrate
hydrolysis was monitored by measuring the fluorescence emission as
previously described.”® 4 The enzyme concentration varied from
0.006 nm for the best substrates to 12 nwm for the less susceptible ones
while the substrate concentration ranged from 0.1K,, to 10K,. The
kinetic parameters were calculated as previously described® and in
all cases the standard errors of K, and k. determinations were less
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than 5% of the obtained value. When peptides were either resistant
to hydrolysis, or were slowly hydrolysed (less than 1.5 nmolmin~') at
the upper limit of enzyme concentration or inhibited the enzyme at
concentrations lower than the estimated K, value, K; values for
competitive inhibition were determined according to the method of
Nicklin and Barrett®® using Z-Phe-Arg-AMC as the substrate. The
cleavage site was determined by correlation of the retention times of
the isolated fluorescent Abz-containing peptide fragments with
known synthesised sequences. Alternatively, amino acid sequencing
or fragment mass determination by MALDI-TOF MS was used.
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Transmembrane (TM) intratoroidal space is attracting increasing
scientific attention because the spatial compartmentalization by
the surrounding bilayer membrane provides vectorial control
over and stochastic observability of intratoroidal chemical
processes.'3 The superb properties of rigid-rod S-barrels® !
have very recently been used to synthesize large transmem-
brane space of a stability that seemed unique for large
biomacromolecules until then.® The TM interior of 1%, charac-
terized by a diameter of 2-3 nm and 48 intratoroidal lysine
residues, is topologically and electrostatically complementary to
Watson - Crick B-DNA (Figure 1). Similar intratoroidal space has

= antiparallel S-sheets

= double-helical
-DNA

phospholipid

Figure 1. Schematic structure of second-sphere host — guest complex 2-3 C 1°C
4" composed of B-DNA 2- 3 within rigid-rod [3-barrel 1° within EYPC bilayers 4"
(see Scheme 1 for details). The depicted degree of protonation (ca. 50 %) of
intratoroidal lysine residues reflects the situation expected in antiparallel
[-sheets?6-3 and is consistent with the complementarity of multivalent?"!
electrostatic attraction between 2 -3 and 1°, which is possibly further amplified by
H-bonding contributions from adjacent amines.?% 33

[a] Prof. Dr. S. Matile, Dr. N. Sakai, Dipl.-Chem. B. Baumeister
Department of Organic Chemistry, University of Geneva
Quai Ernest Ansermet 24, 1211 Geneva 4 (Switzerland)
Fax: (+41)22-328-7396
E-mail: stefan.matile@chiorg.unige.ch

CHEMBIOCHEM 2000, No. 2

WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2000

been seen within water-soluble DNA-binding proteins such as
the 2724-residue hexamer of BH Gal6 comprising 60 intratoroidal
lysine residues.” The TM intratoroidal space of the paradigmatic
2051-residue heptamer of a hemolysin,®® on the other hand, has
been shown to suffice for the stochastic differentiation of single-
stranded homo-DNAs and -RNAs, while double-stranded DNA
apparently does not fit.? Elucidation of the interaction between
B-DNA and the TM intratoroidal space of 1° seemed thus of
potential scientific importance. The combination of the advanta-
geous anisotropy of TM intratoroidal space with the advanta-
geous structural variability of B-DNA may be fruitful with regard
to diverse applications, from unidirectional electron transport in
“nanodevices”®'? to gene transfection™ and stochastic B-DNA
dynamics.®! Here we report the construction of the first, with all
likelihood TM B-DNA as an intratoroidal guest of the formal
second-sphere inclusion complex 2-3 C 1 C 4" (Figure 1).
B-DNA 2-3 obtained from d(GT); (2) and d(CA), (3) was
selected for this study because its length of 43 A roughly
matches the total thickness of EYPC** bilayers 4" and because
of its convenient melting temperature (T,=45°C). The CD
spectra of 2-3 C 15C 4", prepared by addition of duplexes 2-3
to TM nanopores 1°C 4", were in support of the designed
molecular architecture (Scheme 1A). In fact, the presence of
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4" EYPC - SUVs / BLMs
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Scheme 1. Programmed assembly of TM B-DNA 2-3 C 15 C 4" by either addition
of2-3to 15C4" (A), 2-3C 1°to 4" (B), or 1 to 2-3 and 4" (C). Note that the
structure of 2-3 C 1° has not been investigated.

bisignate CD Cotton effects (CEs) centered around the octi-
(p-phenylene) absorption at 319 nm even at high dilution
suggested that barrel 1® may be further stabilized by
>0.6 mol% of intratoroidal B-DNA templates (Figure 2, solid
line)."¥ CD CEs between 300 and 253 nm, on the other hand,
were indicative of intact B-DNA.I'®! The binding of topologically
mismatched single-stranded oligonucleotides d(GT), (2) instead
of B-DNA 2-3 caused destruction of TM nanopores 1°C 4"
(Figure 2, dotted line).

Rapid passage of anionic dyes across the interior of TM rigid-
rod f-barrel 1®C 4" has been used before to measure the

[**] For abbreviations see ref.[15].
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Figure 2. Representative CD spectra of 1 (6.5 um) in the presence of EYPC-SUVs 4"
(500 um 4) and either B-DNA 2- 3 (1 um, solid line) or d(GT), 2 (2 um, dotted line) in
10 mm HEPES, 100 mm NaCl, pH 74. CEs indicative of rigid-rod (3-barrel 1° are

labeled in italics; dichroic absorptions refer to octi(p-phenylene) concentrations.

dimensions of its cationic intratoroidal space at nanomolar
concentrations.® ! The formation of TM B-DNA 2-3C1°C4"
was expected to block dye leakage. Indeed, the addition of one
equivalent of B-DNA 2-3 fully arrested ongoing CF efflux from
EYPC-SUVs through nanopores 16 C 4" that had been assembled
immediately before (Scheme 1A, not shown). To possibly
separate the kinetics of TM B-DNA formation from that of dye
efflux, different assembly pathways were tested. Addition of
mixtures of rods 1 and B-DNA 23 to EYPC-SUVs 4" (Scheme 1B;
Figure 3, @) and addition of 1 to mixtures of 2-3 and 4"
(Scheme 1C; Figure 3, m) revealed comparable trends: increasing
inhibition of dye efflux with increasing duplex concentration
(Figure 3, solid lines). The quantitative discrepancies between
the two experiments presumably originated from competing,
not yet understood interactions between peptide rods 1 and
duplexes 2-3 in water that complicate the assembly of TM
B-DNA 2-3 C 16 C 4" along these routes.
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Figure 3. Blockage of CF efflux through nanopore 1 C 4" by increasing
concentrations of B-DNA 2-3 (solid lines) and d(GT), 2 (dotted lines). @, O:
Simultaneous addition of 1 and oligonucleotides; m, t: addition of oligonucleo-
tides before addition of 1. Conditions were as previously described® ' (EYPC-SUVs
(500 um 4), 1 (250 nm), 10 mm HEPES, 50 mm CF;,, 10 mm NaCl,,, 107 mm NaCl,,,
PH 74, hoy =492 nm, Ao, =514 nm).

Clearly, higher oligonucleotide concentrations were needed to
block nanopore 16 C 4" with single-stranded DNA 2 instead of
double-stranded DNA 2-3 (Figure 3, dotted vs. solid lines). This
was consistent with multivalent TM binding of B-DNA 2-3 to the
complementary intratoroidal space of nanopore 1°C 4", as
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suggested by CD spectroscopy (Figure 2). (Although of minor
importance for this study, the blockage of 16C 4" by single-
stranded DNA may nevertheless be of scientific interest for the
transfer of antisense and antigene drugs.['8-2%)

The relative quenching of the emission of oligo(p-phenylene)
guests by spin-labeled bilayer hosts has been shown to provide
precise information on guest location and orientation.!s 17 23-25]
Figure 4 shows the emission intensities of octi(p-phenylene) 1 in
labeled and unlabeled EYPC bilayers as a function of time (solid/
dotted vs. dashed curves). Notably, the addition of B-DNA 2-3
had no effect on rod emission (Figure4, solid and dashed

duple;( 243

rod1 |

4”7 (unlabeled) 23 23

T T T T T T T 1
0 100 200 300 400 500 600 700 800

t/'s

Figure 4. Representative relative emission intensities of oligo(p-phenylene) 1
(100 nm) in uniformly sized EYPC-SUVs (500 um 4) with (solid and dotted lines) and
without 8.7 % 5-DOXYL-PC (dashed line) as a function of time and the presence of
duplex 2-3 (16 nm, solid and dashed lines), additional unlabeled EYPC-SUVs
(500 um 4, dotted line), or both (dotted line) in 10 mm HEPES, 100 mm NaCl, pH 7.4,
hex =328 nm, A, =390 nm. Conditions were as previously described.’® '

curves). This corroborated that B-DNA 2.3 did not alter
the structure of nanopore 1C4" (e.g., 2-3C1C4"—2-3C
16 44", Scheme 1). No change of rod emission upon the addition
of unlabeled SUVs to nanopore 16 C 4" in labeled SUVs (Figure 4,
dotted curve) excluded the possibility of intervesicular rod
transfer'” and rod-mediated membrane fusion (e.g., 1°C4"+—
144", Scheme 1). The unchanged situation after subsequent
addition of B-DNA 23 finally proved that the above-mentioned
two processes are not induced by TM B-DNA 2-3C1¢C4"
(Figure 4, dotted curve).

Fluorescence depth quenching experiments thus provided
direct evidence that the formation of TM nanopore 16 C 4" and
second-sphere complex 2-3 C16C 4" is practically irreversible
and nondestructive with regard to supramolecular architecture,
respectively. The following BLM conductance experiments were
in support of these conclusions (Figure 5A).2¢! Multiple, perma-
nently open nanopores 16 C 4" were prepared in EYPC-BLMs as

0o 1 2
C(2e3) / uM

Figure 5. A: Representative changes in conductance of EYPC-BLMs in the
presence of oligo(p-phenylene) 1 as a function of time after the addition of
2.41 um B-DNA 2 - 3. B: Steady-state currents I-' as a function of the concentration
of B-DNA 2- 3. Conditions were as previously described® (5 mm HEPES, 2m NaCl,
pH 7.4).
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previously described® to give currents [, of up to 1nA in
response to an externally applied voltage of —50mV. Then,
different concentrations of B-DNA 2-3 were added to the cis
compartment of the BLM to secure unidirectionality between TM
B-DNA 2-3 C 1 C 4" formation and external voltage. Stochastic
binding of B-DNA 2-3 to single TM nanopores 1C 4" was
indicated by a stepwise reduction of the initial current /, to reach
a steady-state current / (Figure 5 A). Nearly complete blockage at
high B-DNA concentrations confirmed that these steady-state
currents | originated from unoccupied nanopores 1¢C 4" at
different DNA concentrations and not from the conductivity of
TM B-DNA 2-3 C 16 C 4". Currents / thus related directly to the
fractional occupancy y of 14C4" [Eq.(1)], suggesting that
the K, of complex 2-3C19C4" [Eq.(2)] could be readily
obtained from a plot of /7' as a function of the B-DNA
concentration [Eq. (3)].%”

Wy = 1—y = NN°C4/([2-3C1°C4"+[1°5C4") m
K, = [1C4x[2-3)/[2-3C15C 4" o))
U= [2:31/(Ky X o) + Iy 3)

A dissociation constant K, = 177 nm was obtained (Figure 5B).
Since such a remarkable value® " impossibly originates from
nonspecific ionic interactions at the membrane - water interface,
this finding fully confirmed the firm organization and high
stability of the supramolecular architecture of TM B-DNA 2-3 C
16 C 4" (Figure 1).

In summary, the unique properties of rigid-rod S-barrels 16
have been used to unify biomembranes and B-DNA by refined
supramolecular architecture of a remarkable stability exempli-
fied by a Kj, value of 177 nm. The obtained B-DNA, which is most
likely transmembrane, combines the fundamental advantages of
biomembrane anisotropy with the facile structural variability of
B-DNA for future use in chemistry, biology, and materials
sciences.

We thank the Swiss National Science Foundation (21-57059.99 and
NRP 4047-057496) and the Suntory Institute for Bioorganic
Research (SUNBOR Grant) for financial support.
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Semisynthesis of Ht31(493 - 515):
Involvement of PKA-Anchoring
Proteins in the Regulation of the
cAMP-Dependent Chloride Current in
Heart Cells

Vaclav Cerovsky,® Jens Kockskamper,©
Helfried G. Glitsch,'” and Frank Bordusa*!

KEYWORDS:

channels

bioorganic
peptide synthesis -

chemistry forskolin - ion
substrate mimetics

The synthesis of larger peptides or proteins by a protease-
catalyzed segment condensation strategy, which does not lead
to racemization and is independent of the side chain protection
of trifunctional amino acids, can be a valuable alternative to the
usual methods of peptide synthesis.! With enzymes, the
segments can be ligated either at a specific amino acid residue
or at a nonspecific amino acid moiety. The latter concept was
invented in our laboratories and is based on the principle of
enzymatic peptide synthesis by a substrate mimetics strategy.”
In substrate mimetics, the site-specific amino acid moiety is
transferred onto the leaving group of the acyl component
enabling the acylation of the enzyme by a nonspecific acyl
residue. Deacylation of the acyl enzyme by the amino compo-
nent results in peptide synthesis regardless of the primary
specificity of the proteases. Moreover, the newly formed peptide
bond is not subject to secondary enzymatic hydrolysis due to the
absence of a specific amino acid residue. In this respect, various
ester moieties behave as artificial recognition sites for proteases.
Obviously, it would be useful to combine the enzymatic ligation
of segments with suitable methods of solid-phase peptide
synthesis, especially for the preparation of acyl component
peptide segments in the form of appropriate esters. We have
previously demonstrated the general usefulness of Kaiser's
oxime resin® for the syntheses of protected peptide esters in

[a] Dr. F. Bordusa
Max Planck Society
Research Unit “Enzymology of Protein Folding”
Weinbergweg 22, 06120 Halle/Saale (Germany)
and
Department of Biochemistry
Faculty of Biosciences, Pharmacy and Psychology
University of Leipzig, Leipzig (Germany)
Fax: (+49) 345-5511972
E-mail: bordusa@uni-leipzig.de

=

Dr. V. Cerovsky

Institute of Organic Chemistry and Biochemistry
Czech Academy of Sciences

Flemingovo 2, 166 10 Prague 6 (Czech Republic)
Dr. J. Kockskdmper, Prof. Dr. H. G. Glitsch

Ruhr University Bochum

Faculty of Biology

Universitdtsstrasse 150, 44780 Bochum (Germany)

[c

126 WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2000

the form of various substrate mimetics that were used as acyl
donor components in protease-catalyzed segment condensa-
tion of model peptides.™”

Here we describe the application of this methodology to the
semisynthesis of the biologically active 493-515 sequence of
human thyroid PKA-anchoring** protein Ht31 [Ht31(493-
515)]®! by a-chymotrypsin-catalyzed (8 + 16) segment conden-
sation. The resulting peptide H-Asp-Leu-lle-Glu-Glu-Ala-Ala-Ser-
Arg-lle-Val-Asp-Ala-Val-lle-Glu-GIn-Val-Lys-Ala-Ala-Gly-Ala-Tyr-OH
represents a minimum region of Ht31 required to bind to the
regulatory subunit dimer of PKA."> ® The Ht31(493 - 515) peptide
synthesized was further used in biological studies that provided
new insights into the PKA-mediated regulation of a chloride
current in the heart.

In enzymatic peptide synthesis, the nucleophile specificity of
proteases for the amino component represents one of the key
parameters for obtaining high peptide product yields.”? Gen-
erally, the presence of the Arg residue at the N terminus of the
peptide amino component (P; position, binding-site notation
according to Schechter and Berger®) significantly increases its
nucleophilic efficiency in the acyl transfer reaction catalyzed by
a-chymotrypsin.® In addition, the effect could be further
enhanced by the presence of a large hydrophobic residue in
the P;, position.”! The -Arg-lle- motif in the sequence of peptide
Ht31 evidently offers the choice of the Ser— Arg peptide bond as
a coupling point for a-chymotrypsin-catalyzed segment ligation.
The restriction of substrate specificity of the enzyme for aromatic
amino acid residues in the P, position could be easily overcome
in this case (Ser residue in P;) by using an acylating peptide
component as a substrate mimetic.'”

The route to the final Ht31(493 - 515) peptide is illustrated in
Scheme 1. The acylating component Boc-Asp-Leu-lle-Glu-Glu-
Ala-Ala-Ser-OPh (-OGp) [2a (2b)] used as a substrate mimetic
was synthesized by using the oxime resin according to the same
protocol as previously described by us. The protected octa-
peptide esters 1a and 1b were released from the resin by
aminolysis of the oxime ester linkage with two equivalents of
TFA - Ser(Bzl)-OPh (-OGp)" in the presence of DIEA, catalyzed by
acetic acid in THF. The crude fully protected octapeptide phenyl
ester 1a was somewhat purer than 1b as determined by HPLC.
The side chain deprotection was achieved by catalytic hydro-
genation in a mixture of ethanol/THF at elevated temperature
yielding 2a and 2b, respectively. Hexadecapeptide 3, which was
synthesized according to an Fmoc protocol on p-alkoxybenzyl
alcohol resin,'? was used for the enzymatic coupling as a crude
product without further purification. The reaction conditions for
a-chymotrypsin-catalyzed condensation of 2 with 3 were
chosen empirically by using a mixture of sodium veronal buffer
(pH 8.5) and DMSO (3:2). The best yields were achieved when
the molar ratio of acyl component 2 to amino component 3 was
2:1. Under these conditions, regardless of the structure of the
leaving group of the acylating component 2, the complete
consumption of both peptide segments accompanied by the
formation of 4 was observed by HPLC analyses. The condensa-
tion of 2a with 3 was monitored by HPLC analysis at 280 nm

[**] For abbreviations see ref.[14].

1439-4227/00/01/02 $ 17.50+.50/0 CHEMBIOCHEM 2000, No. 2





(Figure 1). Chromatograms a) and b) show the composition of
the mixture immediately after the addition of the enzyme and at
the end of the reaction, respectively. Peak A represents the
leaving group phenol, peak B represents 3, and peak C was
characterized as 4, the product of the condensation. The
Boc-Asp(OBzl)-Leu-lle-Glu(OBzi)-Glu(OBzl)-Ala-Ala-O-oxime resin
TFA-Ser(Bzl)-OPh (-OGp)
Boc-Asp(OBzl)-Leu-lle-Glu(OBzl)-Glu(OBzl)-Ala-Ala-Ser(Bzl)-OPh (-OGp) 1a (1b)
H,/Pd

Boc-Asp-Leu-lle-Glu-Glu-Ala-Ala-Ser-OPh (-OGp) 2a (2b)

H-Arg-lle-Val-Asp-Ala-Val-lle-Glu-GIn-Val-Lys-Ala-Ala-Gly-Ala-Tyr-OH 3

l a chymotrypsin

Boc-Asp-Leu-lle-Glu-Glu-Ala-Ala-Ser-Arg-lle-Val-Asp-

4
-Ala-Val-lle-Glu-GIn-Vai-Lys-Ala-Ala-Gly-Ala-Tyr-OH
l TFA
H-Asp-Leu-lle-Glu-Glu-Ala-Ala-Ser-Arg-lle-Val-Asp-
Ht31(493-515)

-Ala-Val-lle-Glu-Gin-Val-Lys-Ala-Ala-Gly-Ala-Tyr-OH

Scheme 1. Schematic representation of the synthesis of peptide Ht31(493 - 515),
which is based on an enzymatic segment condensation by using a substrate
mimetics strategy.

composition of the reaction mixture as detected by HPLC at
222 nm (not shown) also indicates complete conversion of 2a. In
a blank experiment, segment 3 was resistant to the enzymatic
hydrolysis under the conditions used. For the enzymatic
condensation we preferred to work with 2a rather than with
2b because of the higher stability of phenyl esters as compared
to 4-guanidinophenyl esters at alkaline pH. The isolation of the
product by preparative HPLC afforded the homogeneous Boc-
protected 24-meric peptide 4 in 30% yield.

Biological studies with the deprotected synthetic peptide
Ht31(493-515) revealed new findings about the PKA-depen-
dent regulation of ion channels in mammalian heart cells.
Figure 2 shows the time course of the membrane current of two
whole-cell voltage-clamped single guinea pig ventricular my-
ocytes in response to forskolin. Forskolin stimulates adenylyl
cyclases leading to the activation of PKA through increased
intracellular cAMP levels. Cells were dialyzed with pipette
solutions containing the specific PKA inhibitor peptide PKI
(20 pm) under experimental conditions designed to isolate the
cAMP-dependent chloride current. In the absence of Ht31(493 -
515), application of 4 pm forskolin resulted in a marked transient
activation of the chloride current (Figure 2). Since this activation
occurred in the presence of PKI, it suggested a tight functional
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Figure 1. Reversed-phase HPLC analyses of the reaction mixture from the o-
chymotrypsin-catalyzed condensation of 2 a with 3 (detection at 280 nm, linear
gradient from 5% acetonitrile in 0.1% TFA to 0.1% TFA in 95 % acetonitrile over
60 min). Peaks A, B, and C represent phenol as the ester leaving group,
hexadecapeptide 3, and condensation product 4, respectively. a) Composition of
the mixture immediately after the addition of the enzyme, b) at the end of the
reaction (30 min).
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Figure 2. Effect of peptide Ht31(493 - 515) on the forskolin-dependent activation
of the cAMP-dependent chloride current X in guinea pig ventricular myocytes. In
the absence of Ht31(493-515) (open circles, — Ht31), forskolin elicits a large,

transient outward chloride current (the application of forskolin is indicated by the
horizontal bar above the current trace). By contrast, inclusion of Ht31(493-515)
in the pipette solution (filled circles, + Ht31) abolishes the forskolin-related effect.
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coupling between the PKA molecules and the chloride channels.
This coupling may be due to specific anchoring proteins
targeting the kinases to the plasma membrane in close proximity
to the channels. To test this hypothesis, experiments were
repeated in the presence of 60 um Ht31(493 -515) in the pipette
solution to dislocate the PKA molecules from their respective
anchoring proteins. Under these conditions, forskolin did not
activate the chloride current (Figure 2) suggesting that PKA-
anchoring proteins are involved in the regulation of the cAMP-
dependent chloride current in heart cells and demonstrating
that the synthetic peptide Ht31(493-515) is biologically active.

Experimental Section

Materials: TLCK-treated a chymotrypsin (EC 3.4.21.1) was purchased
from Fluka (Switzerland), Fmoc-Tyr(tBu)-p-alkoxybenzyl alcohol resin
from Bachem (Germany). Substituted oxime resin (0.53 mmolg™),
amino acid derivatives, and reagents for the synthesis were
purchased either from NovaBiochem (Germany) or from Bachem.
Forskolin was obtained from Sigma (Germany) and PKI from Alexis
(Germany).

Chemical syntheses

1a: The synthesis of peptide 1a started with the attachment of Boc-
Ala-OH (1.2 mmol) to the oxime resin (1g) by standard DCC
coupling.®! The substitution level determined by amino acid analysis
was 0.21 mmol g~". After placing the resin in the peptide synthesizer,
the rest of the synthesis was carried out semiautomatically by
manual addition of N*-Boc-protected amino acid (3 equiv) and HBTU
(3 equiv) in the presence of DIEA (5 equiv) in each coupling step. The
acetylation of free hydroxy groups, deprotection, and washing
procedures were the same as previously described.® The Kaiser test
was performed after each deprotection and coupling step. The
protected heptapeptide linked to the resin (1 g) was treated with
TFA - Ser(Bzl)-OPh (148 mg, 0.4 mmol), DIEA (68 pL, 0.4 mmol), and
acetic acid (23 uL, 0.4mmol) in THF (15mL) for 2d at room
temperature. The resin was filtered, washed with THF, the combined
filtrate was evaporated, the residue triturated with a mixture of ethyl
acetate/n-hexane (1:2), suspended in methanol, and precipitated
with water. The solid material was washed with water, 5% citric acid,
water, and, after drying, crystallized from ethanol/diethyl ether (4:1)
yielding 130 mg (47%) of 1a. Elemental analysis (%): calcd for
Cr4HosNgO15+ 2H,0 (1419.6): C 62.61, H 6.96, N 7.89; found: C 62.76, H
6.66, N 8.05; MS (FAB): m/z: 1384.4 [M+H]".

1b: Peptide 1b was released from the resin with TFA-Ser(Bzl)-
0OGp(2Z), by using the same procedure as for 1a. The similar work-up
including washing the crude peptide with aqueous acidic solvent,
crystallization from the mixture of ethyl acetate/n-hexane, and finally
recrystallization from hot methanol yielded 170 mg (50%) of 1b. MS
(FAB): m/z: 1709.6 [M+H]*.

2a: Peptide 2a resulted from deprotection of 1a (100 mg) by
catalytic hydrogenation over Pd black in a mixture (20 mL) of
ethanol/THF (4:1) for 20 h at elevated temperature. The catalyst was
filtered off, the filtrate was evaporated, and the residue was
triturated with the mixture of diethyl ether/n-hexane to give 55 mg
(74%) of 2a. Amino acid analysis: Asp 0.92, Ser 0.95, Glu 2.12, Ala
2.12, lle 0.91, Leu 0.98; MS (FAB): m/z: 1045.2 [M+Na]*.

2b: Peptide 2b resulted from deprotection of 1b (80 mg) by
hydrogenation in the presence of an equimolar amount of p-
toluenesulfonic acid (10 mg) in the same way as described for 2a.
After trituration with diethyl ether, 50 mg (85 %) of 2b was obtained.
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Amino acid analysis: Asp 0.92, Ser 1.03, Glu 2.10, Ala 2.08, lle 0.92, Leu
0.94; MS (FAB): m/z: 1081.4 [M+H]*.

3: Peptide 3 was synthesized by standard Fmoc strategy starting
from Fmoc-Tyr(tBu)-p-alkoxybenzyl alcohol resin (substitution
0.48 mmolg~'; 14g) by using the DIC/HOBt coupling method. The
last three amino acid residues were attached with the help of HBTU
in the presence of HOBt and DIEA. The hexadecapeptide was cleaved
from the resin with a mixture of TFA/H,O/triethylsilane (95:2.5:2.5)
yielding 600 mg of crude peptide 3, which was recrystallized from
ethyl acetate and used for the enzymatic condensation without
further purification. Amino acid analysis: Asp 1.19, Glu 2.25, Gly 1.15,
Ala 4.32, Val 2.45, lle 1.51, Tyr 1.11, Lys 1.06, Arg 0.95; MS (FAB): m/z:
1703.8 [M+H]".

Ht31(493 -515): The peptide Ht31(493 -515) was obtained from 4
(product of enzymatic ligation) after the removal of the N*-Boc
protecting group. For this purpose, 3.6 mg tetracosapeptide 4 was
treated with a mixture of TFA/H,O/triethylsilane (95:2.5:2.5) (0.1 mL)
at 5°C for 40 min. The product was precipitated with dry diethyl
ether, washed several times with diethyl ether, and dried, yielding
3.2 mg of homogeneous peptide Ht31(493-515) (as determined by
gradient HPLC and high-voltage paper electrophoresis). MS (FAB):
m/z: 2532.3 [M+H]".

Enzymatic segment condensation: Octapeptide phenyl ester 2a
(10 mg, 0.01 mmol) dissolved in DMSO (320 pL) was added to a
solution of hexadecapeptide 3 (10 mg, 0.005 mmol) in 0.2m sodium
veronal buffer (pH 8.5; 465 pL) alkalized with 1m NaOH (10 pL) to
pH 9 (the apparent pH value was determined with precise indicator
paper). After the addition of a chymotrypsin (TLCK-treated; 0.1 mg)
dissolved in 1 mm HCl (5pL), the mixture was stirred at room
temperature for 30 min. The progress of the reaction was followed
by gradient HPLC (Vydac C-18, 25 x 0.4cm column, 0.1% TFA/
acetonitrile eluent, flow rate 1 mLmin~', detection at 280 and
222 nm). After termination of the reaction with 2% TFA (1 mL), the
product (peptide 4) was isolated in two runs by reversed-phase HPLC
(Vydac C-18, 25 x 1 cm column, flow rate 3 mLmin~', same gradient
system, detection at 280 nm), yielding 4.3 mg (30 %) of 4. Amino acid
analysis: Asp 2.23, Ser 1.22, Glu 4.24, Gly 1.25, Ala 6.16, Val 2.37, lle
2.27, Leu 1.12, Tyr 1.03, Lys 1.07, Arg 1.03; MS (FAB): m/z: 2633
[M+H]". The same reaction conditions using octapeptide 4-guani-
dinophenyl ester 2b as the acyl component gave similar results. In
this case, the pH value of the medium was kept below 9 to avoid
nonenzymatic ester hydrolysis of 2 b.

Electrophysiology: Single guinea pig ventricular myocytes were
isolated by standard enzymatic procedures as described previous-
ly.'3l Myocytes were whole-cell voltage-clamped at 30 °C by means of
an EPC-8 patch clamp amplifier (HEKA, Germany). Patch pipettes
(GC150TF-10, Clark Electromedical Instruments, UK) had initial
resistances between 1 and 2 MQ when filled with the pipette
solution. Membrane currents were low-pass-filtered at 200 Hz,
sampled at 1 kHz, and recorded and analyzed with the ISO2 software
package (MFK, Germany). Solutions were chosen so as to isolate the
cAMP-dependent chloride current. Cells were superfused with a
solution containing 144mm NaCl, 5mm NiCl,, 4mm BaCl,, 1.8mm
CaCl,, 0.5mm MgCl,, 10mm HEPES (pH 7.4, adjusted with NaOH). The
pipette solution included 105mm tetraethylammonium aspartate,
30mm NaCl, 20mm NaOH, 3mm MgCl,, 6mm EGTA, 16 mm HEPES,
10mm MgATP (pH 7.3, adjusted with tetraethylammonium hydrox-
ide). Thus, the equilibrium potential for chloride was —40 mV.
Membrane currents were recorded at +40 mV and normalized to cell
membrane capacitance. Under these experimental conditions, the
outward current activated by forskolin was the cAMP-dependent
chloride current as verified by its pharmacological and biophysical
properties.['!
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Forskolin and the Ht31(493-515) peptide were prepared as 10~2m
stock solutions in ethanol and DMSO, respectively, and diluted to the
final concentrations in the bath or pipette solution as indicated in the
text. PKI was directly dissolved in the pipette solution.
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