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Real-Time Polymerase Chain Reaction
Jochen Wilhelm*[a, b] and Alfred Pingoud[b]


Real-time PCR is the state-of-the-art technique to quantify nucleic
acids for mutation detection, genotyping and chimerism analysis.
Since its development in the 1990s, many different assay formats
have been developed and the number of real-time PCR machines of
different design is continuously increasing. This review provides a
survey of the instruments and assay formats available and
discusses the pros and cons of each. The principles of quantitative


real-time PCR and melting curve analysis are explained. The
quantification algorithms with internal and external standardiza-
tion are derived mathematically, and potential pitfalls for the data
analysis are discussed. Finally, examples of applications of this
extremely versatile technique are given that demonstrate the
enormous impact of real-time PCR on life sciences and molecular
medicine.


Real-Time PCR


Real-time PCR is used for many different purposes, particularly
for quantifying nucleic acids and for genotyping. Since its
invention in 1996, the number of publications dealing with real-
time PCR has increased nearly exponentially (Figure 1).


Figure 1. Result of a PubMed search using the keywords ™real-time PCR∫, sorted
by year of publication. The value for 2003 (*) is estimated by a linear extrapolation
from the number of publications cited in PubMed between January and
March 2003. N�number of PubMed entries.


The peculiarity of real-time PCR is that the process of
amplification is monitored in real time by using fluorescence
techniques.[1±3] The information obtained, that is the amplifica-
tion curves (Figure 2), can be used to quantify the initial amounts
of template molecules with high precision over a wide range of
concentrations. In melting curve analyses performed subse-
quently (Figure 3), the amplified sequences can be characterized
with respect to their apparent melting temperature (Tm), which is
a function of product length and base composition.[4, 5] This
closed-tube analysis is fast, easy to perform and avoids carry-
over contaminations.


Figure 2. Amplification curves of a dilution series containing 100 ±
1 000 000 template copies. During the first cycles, no signal increase is detectable.
The observable exponential phases are shifted to higher cycle numbers for
samples containing fewer target molecules ; ntc�no template control.


The major advantages of real-rime PCR compared with other
methods for the quantification of nucleic acids are the extremely
wide dynamic range (more than eight orders of magnitude)[1]


and the significantly higher reliability of the results compared
with conventional PCR, because with real-time PCR, the whole
amplification profile is known. Individual reactions deviating in
their amplification efficiency (e.g. owing to the presence of
polymerase inhibitors) can be identified easily. Quantitative real-
time PCR is more precise than end-point determinations.[6]
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Figure 3. Result of a melting curve analysis of a positive and a negative control.
The positive control contains the specific PCR product with an apparent Tm of
87.5 �C, whereas the negative control contains primer dimers with a lower
apparent Tm of 83 �C. a) Melting curve data. The initial slight decrease is due to the
temperature-dependent quench. The following steep decrease depicts the melting
process of the product. b) Melting peak representation of the data shown in (a).


Instrumentation


The first real-time thermocyclers, produced by Applied Biosys-
tems, became commercially available in 1997. Today, the
ABI 7700 is the best-selling real-time PCR instrument. It is based
on a conventional 96-well blockcycler with an additional


fluorimeter device. Only a little later, Roche Diagnostics started
distributing the LightCycler based on an entirely different
instrument design, which was originally developed by Idaho
Technologies.[7±9] The LightCycler uses small glass capillaries as
reaction tubes. They are placed in a sample carrousel, within an
air-thermostated chamber of the instrument. The combination
of a small sample volume, the cylindrical shape of the capillary
tubes and temperature adjustment with air allows very steep
temperature gradients and short cycle times to be used, which
increases the specificity of the reaction. A whole PCR run with
40 cycles can be performed within only 15 ±20 min. Therefore,
this technique is sometimes termed rapid-cycle PCR. As a result
of the short times required per PCR, the smaller number of
samples per run (32 compared to 96 in the ABI 7700) is more
than compensated with respect to sample throughput. For high-
throughput analyses, Roche now also offers a LightCycler with a
sample carrousel with 64 capillary positions. Additionally, in
contrast to all other instruments available, the LightCycler
instrument uses a robust blue light-emitting diode for excitation
instead of a delicate laser.
With the iCycler, RioRad offers a cost-effective fluorimeter


device, which can be combined with their conventional PCR
machines. Real-time PCR systems are now available from many
companies, such as MJ Research (DNA Engine Opticon Contin-
uous Fluorescence Detection System), Stratagene (Mx400),
Thermo Hybaid (Chimaera Quantitative Detection System),
Corbett Research (Rotor-Gene 3000) and Cepheid (Smartcycler).
Many more are likely to follow. Eppendorff, for example, is
currently developing its own real-time PCR system, which will
soon be ready to be introduced onto the market. All these
instruments differ considerably in price, flexibility and user-
friendliness of the software.
There are as yet no publications comparing the accuracies and


precisions of the available real-time PCR machines. These
performance parameters are largely affected by the signal-to-
noise ratio (depending on the detection format (see below) and
the quality of the optics). Another crucial point is the temper-
ature homogeneity within the instrument. Small local deviations
can result in substantial errors for quantifications.[10, 11] Roche
assures temperature homogeneity in the LightCycler by using a
continuously rotating sample carousel. The Rotor-Gene 3000
contains a 36- or 72-well rotor for 0.2-mL propylene PCR tubes
that spin at 500 rpm. Corbett Research claims that this guaran-
tees sample-to-sample temperature variations of less than
0.01 K.
The investments of so many companies in real-time PCR


systems are absolutely profitable. The Frost & Sullivan report
B114 of 2002 states that the market has good potential for
growth in the coming years: in 2002, sales were worth about
310 million US dollars (120 million US dollars in Europe), with
Applied Biosystems, Roche and BioRad sharing 85%. Sales are
predicted to grow to more than 350 million US dollars in 2006 in
Europe alone. The most important future fields for real-time PCR
systems will be clinical diagnostics and food control.
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Detection Formats


Fluorescence signals that are proportional to the amount of PCR
product can be generated by fluorescent dyes that are specific
for double-stranded DNA (dsDNA) or by sequence-specific
fluorescent oligonucleotide probes. The first dye used for this
purpose was ethidium bromide.[2, 8, 12] Other intercalating dyes
such as YO-PRO-1 have since been used.[13, 14]


SYBR Green I


SYBR Green I is the most frequently used dsDNA-specific dye in
real-time PCR today (Figure 4a). It is an asymmetric cyanine dye,
structurally related to the dsDNA-specific dyes YOYO-1 and
TOTO-1.[15, 16] In contrast to ethidium bromide, intercalation of
cyanine dyes is negligible under the assay conditions of real-time
PCR experiments. Instead, SYBR Green I largely binds sequence
independently to the minor groove of dsDNA. The binding
affinity is more than 100 times higher than that of ethidium
bromide. The fluorescence of the bound dye is more than 1000-
fold higher than that of the free dye and, therefore, is well suited
for monitoring the product accumulation during PCR.[8, 17] SYBR
Green I can be excited with blue light with a wavelength of
480 nm. Its emission spectrum is comparable to that of
fluorescein with a maximum at 520 nm and a quantum yield of
0.8.[15] The reported self-quenching of SYBR Green I bound to
dsDNA[18] is not an error source in quantitative real-time PCR


assays because in such experiments the signal of the exponential
phase is used for which the dye-to-base-pair ratio is larger than
2.[19] Thus, the PCR products are saturated with bound dye, and
the self-quenching is proportional to the amount of PCR
product. It is often stated that the nonspecific detection of any
dsDNA is a disadvantage that does not occur when sequence-
specific detection formats are used. This is not absolutely true.
Amplified nonspecific products alter the amplification efficiency
for the specific products. Therefore, the amplification of non-
specific products, such as primer dimers, will result in a
systematic error for the quantification regardless of whether
the nonspecific products are detected or not. Therefore, for
quantitative analysis, the assay must be optimised anyway, so
that nonspecific products do not occur.
Provided that the assay is optimised, SYBR Green I detection is


sensitive enough to identify a single target molecule in the
reaction mixture. If primer dimers accumulate in the late cycles,
they mask the signal resulting from the target amplification. The
sensitivity can be recovered by using a higher measurement
temperature at which the primer dimers are molten and hence
do not contribute to the signal measured. However, in this case,
accurate quantification may be impaired.
Recently, a new minor groove binding asymmetric cyanine


reporter dye (BEBO) was introduced. BEBO and SYBR Green I are
reportedly similar in all important aspects of their behaviour,
such as specificity, PCR inhibition and quantum efficiency.[20]


For sequence-specific detection, fluorophor-labelled oligonu-
cleotide probes are used.[21±23] The fluorescence signal
intensity can be related to the amount of PCR product
by a product-dependent decrease of the quench of a
reporter fluorophor or by an increase of the fluores-
cence resonance energy transfer (FRET) from a donor to
an acceptor fluorophor. FRET, also called Fˆrster transfer,
is the radiationless transfer of excitation energy by
dipole ±dipole interaction between fluorophors with
overlapping emission and excitation spectra. The FRET
and the quench efficiency are strongly dependent on
the distance between the fluorophors.[24, 25] Therefore,
the PCR-product-dependent change in the distance
between the fluorophors is used to generate the
sequence-specific signals. There are several different
formats used. In principle, all of them could function by
a decrease of quench or an increase of FRET; in practice,
most formats are based on a decrease of quench. The
most commonly used quenchers are TAMRA, DABCYL
and the recently developed Black Hole Quencher (BHQ;
Biosearch Technologies, Novato, CA, USA). This new
class of quencher is able to quench the most commonly
used fluorescent dyes more efficiently than other
quenchers and does not fluoresce itself. For quantifica-
tions, SYBR Green I was reported to yield results more
precise than,[6] or of at least similar precision to those
from fluorogenic probes.[26] Sequence-specific probes,
in contrast, allow multiplexing[27±29] and easy identifica-
tion of point mutations.[30±32] A common drawback of
probe systems that use the decrease-of-quench mech-
anism is unwanted generation of a signal due to probe


Figure 4. Detection formats commonly used for real-time PCR. For explanations, see the
text ; D, donor; A, acceptor ; R, reporter ; Q, quencher. a) SYBR Green I; b) hybridisation
probes ; c) TaqMan probes. The grey circle indicates the Taq polymerase hydrolysing the
TaqMan probe; d) molecular beacon; e) Sunrise primer ; f) Scorpion primer.
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destruction (e.g. by unintentional hydrolysis of the probes by the
Taq DNA polymerase) or by formation of secondary structures of
the probes that lead to a decrease in quench.


Hybridisation probes


Hybridisation probes (Figure 4b) are used in the only format in
which FRET is measured directly. The donor probes are 3�-
terminally labelled with a reporter fluorophor (usually 6-carboxy-
fluorescein, FAM) and the acceptor probes are 5�-terminally
labelled with an acceptor fluorophor (cyanine dyes Cy3, Cy5;
6-carboxy-4,7,2�,7�-tetrachlorofluorescein, TET; 6-carboxy-N,N,N�,N�-
tetramethylrhodamine, TAMRA; 6-carboxyrhodamine X, ROX).
Only the donor fluorophor is excited, so that no acceptor
fluorescence is observed from probes free in solution. During the
primer-annealing phase, the probes hybridise adjacently on the
single-stranded DNA and the excitation energy is transferred
from the donor to the acceptor. When Taq DNA polymerase is
used, the probes can in part be hydrolysed by the inherent
endonucleolytic activity of the polymerase (see below). This
leads to a decrease of the effective probe concentration during
the PCR and finally yields suboptimal signal-to-noise ratios. This
problem can be overcome by using polymerases lacking
endonucleolytic activities.[33] The hybridisation probe format is
used mostly for LightCycler experiments. The LightCycler has
special filters for detection and Roche has developed fluoro-
phors (RED-640 and RED-705) with corresponding emission
characteristics.[9] Nevertheless, fluorophores with similar spec-
troscopic properties like Cy5 have been used.[34]


Hydrolysis probes


A TaqMan probe (Figure 4c) is an oligonucleotide 5�-terminally
labelled with a reporter fluorophor like fluorescein and labelled
internally or 3�-terminally with a quencher. Intact probes do not
fluoresce because they are quenched. During the extension
phase of the primers, the probe, which is complementary to the
amplicon sequence, is bound to the single-stranded PCR
product like the primers. When the Taq DNA polymerase reaches
the probe, it is sheered and endonucleolytically cut. The
quencher is hence released from the fluorophor, which now
fluoresces after excitation.[1, 35, 36] In contrast to all other formats,
in this case the hydrolysis of the probes by the Taq DNA
polymerase is not only intended but is actually required for
signal generation. Sheering without cleavage is detrimental for
the precision of quantifications as a result of decreased signal-to-
noise ratios. The proportion of hydrolysed probes is dependent
on the probe position and sequence, which has to be considered
for probe design.[37]


Molecular beacons


Molecular beacons (Figure 4d) are labelled on both ends. One
end is attached to a reporter fluorophor, and the other end is
attached to a quencher. Only the middle part of the probe is
complementary to the amplicon sequence, whereas the terminal
10 ± 15 nucleotides are self-complementary. The free probe


forms a stem-loop structure in which the reporter is kept close
to the quencher. During the annealing phase of the PCR, the
loop can bind to the PCR product. In this conformation, the stem
is opened and the quenching is relieved.[38±40] The signal yield is
very sensitive to the hybridisation conditions, which are difficult
to optimise.


Sunrise primers


Sunrise primers (Figure 4e) are primers with a 5�-terminal hairpin
structure, labelled with a reporter fluorophor and a quencher.
The hairpin structure keeps the reporter and quencher together.
In the first step, the sunrise primer, as the forward primer, is
extended. This extended product serves as template for the
reverse primer in the second step. In the end, the polymerase
opens the hairpin structure and a double-stranded PCR product
is formed in which reporter and quencher are separated.[3]


Because the stem is also opened in primer dimers and other
unspecific products, the signals obtained are not really specific
for the PCR product.


Scorpion primers


Scorpion primers (Figure 4 f) are structurally and functionally
related to molecular beacons, but serve as primers in the PCR
reaction. Scorpion primers have self-complementary sequences
that form a 5�-terminal stem-loop structure, with the loop
sequence complementary to the amplicon sequence, which
follows the primer sequence. The 3�-end serves as the primer.
The stem region is labelled with a reporter fluorophor and a
quencher. In the first step, the primer is extended, yielding a
single-stranded template for the reverse primer in the second
step. The stem then opens and the loop binds to the product,
separating reporter and quencher. In contrast to the sunrise
primers, the reverse extension is blocked by a hexethylene glycol
group. This ensures that the reporter of the scorpion primer
remains quenched in unspecific products like primer dimers.[41±42]


Light-up probes


Light-up probes are peptide nucleic acids (PNAs) that use
thiazole orange as the fluorophor. Upon hybridisation with DNA,
duplex or triplex structures are formed with increased fluores-
cence intensity of the fluorophor. A quencher is not required.
This technique is limited by unspecific fluorescence, which
increases during PCR and therefore restricts the achievable
sensitivity.[43±45]


Some other formats use the increasing quench as indicator for
product accumulation.[46±47] In this case, the fluorescence is
quenched by a guanine residue of the PCR product. These
probes are comparatively inexpensive and easy to construct ;
however, measurement of the decrease of a signal is problem-
atic, especially during the early exponential phase in which only
very few probes are quenched.
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Quantitative Analyses


For quantitative analysis, the amplification curves are evaluated.
The amplification process is monitored either through the
fluorescence of dsDNA-specific dyes (like SYBR Green I) or of
sequence-specific probes. Each curve consists of at least three
distinct phases: 1) an initial lag phase in which no product
accumulation can be measured, 2) an exponential phase, and
3) a plateau phase. The exponential phase in principle could be
extrapolated to the start of the reaction (Cycle 0) to calculate the
template copy number, but the error would be too high. The
template copy number can be estimated with greater precision
from the number of cycles needed for the signal to reach an
arbitrary threshold (Figure 2). The threshold must intersect the
signal curve in its exponential phase, in which the signal increase
correlates with product accumulation. The intersection point is
the so-called threshold value (CT) or crossing point (CP). This
point may be between two successive cycles (i.e. it may be a
fractional number). For exact quantifications, the efficiency of
the amplification reaction must be known. It is crucial that the
amplification efficiencies of standards and unknowns are
identical. The efficiency can be estimated from the CT values of
samples with known template concentrations ('standards') as
described below.
During the exponential phase, the signal S can be described


by Equation 1:


S � pN0�
c (1)


where p is a proportionality factor to relate PCR product
concentration and signal intensity, N0 is the amount of template,
� is the amplification efficiency (1� ��2; �� 2 means 100%
efficiency) and c is the cycle number.
Solving for c results in Equation 2:


c � � (log�)�1(logN0� logp� logS) (2)


With m�� (log�)�1 and b�� (log�)�1(logp� logS), Equation 2
simplifies to Equation 3:


c � mlogN0�b (3)


This equation describes the linear relationship between the CT


values determined and the log of the template concentration
(N0). The parameters m and b can be determined by a regression
analysis of the CT values of the standards. When solved for N0 ,
this equation serves as a calibration curve for the calculation of
the unknowns according to Equation 4:


N0 � 10(CT�b)/m (4)


The efficiency can be calculated from the parameter m by
using Equation 5:


� � 10�1/m (5)


By inserting � back into Equation 4, one obtains Equation 6:


N0 � �(b�CT) (6)


The maximum value for � is 2.0 (i.e. the amount of product is
doubled in each cycle). The experimental value for � usually
varies between 1.5 and 1.9. Lower efficiencies limit the sensitivity
of the assay but allow quantifications with higher precisions.
Therefore, reactions should be optimised for high efficiency. The
effect of the efficiency on the precision, however, is not
pronounced.
With more than six orders of magnitude, the dynamic range of


this procedure is extraordinarily high.[48±50] The accuracy of this
technique is limited by the precision of the determination of the
CT values. The error of the CT values results from the signal noise
and the CT calculation method. In highly optimised assays,
standard errors of less than �0.2 cycles can be achieved. By
assuming an amplification efficiency of 2 (i.e. 100%), this implies
that the minimum relative error for the quantification is about
10 ±20%. The effects of different analysis and calculation
methods and the effects of amplification-independent signal
trends on the accuracy and precision of quantifications by real-
time PCR are described in detail in papers by Lui et al.[51] and
Wilhelm et al.[52]


Quantification is relative to the standard used. Only when the
absolute concentration of the template molecules in the
standard sample is known can the results be absolute. However,
in most cases, determination of absolute concentrations is not
required. That real-time PCR allows absolute quantification is
demonstrated in principle by the reported determination of
genome sizes.[26]


All quantifications by PCR are relative–either to a standard or
to a reference gene. Interestingly, Equation 6 nicely illustrates the
relative character of the quantifications using a dilution series of
a standard; the meaning of the parameter b is the expected CT


value of a sample with 'one' copy (or any other unit as defined by
the operator). The difference of this value minus the CT value
determined for the unknown sample (�CT�b�CT) is a direct
measure for the relative difference in template concentrations of
the unknown and standard.
To analyse relative changes in transcript levels, the chosen


standard is usually a reference transcript, for example from a
housekeeping gene, itself with unknown template concentra-
tion. The calculation of �CT values between reference and
sample transcript in a reference and a test sample then provides
a simple tool to estimate relative changes. The derivation,
assumptions and applications of the so-called 2��CT method are
described elsewhere by Livak et al.[53] The results of this method
are only semiquantitative because the efficiency � is assumed to
be 2.0 in all experiments and for all templates, which is at best an
optimistic estimate. More precise results are obtained with a
procedure introduced by Pfaffl et al. ,[54] which includes a
measured value for �.
In general, care must also be taken for accurate quantifications


with external standardization, especially with respect to poly-
merase inhibitors, which may be present in different concen-
trations in the unknowns and standards. This problem is
circumvented by internal standardization. Here, an analytically
distinguishable standard template ('competitor') is added to the
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sample and co-amplified in the same reaction.[55, 56] The direct
and simultaneous quantitative analysis of both products in real-
time PCR also poses problems. These difficulties are mostly due
to the fact that different fluorophors have to be used to
distinguish the sequences of competitor and sample. As a result
of different FRET and quantum efficiencies, the CT values
obtained for competitor and sample are not directly comparable.
The problem of where to set the threshold makes relative
quantifications difficult if not impossible. However, a simple trick
can be used to combine the advantages of both methods:[36] the
reaction mixtures are prepared in duplicate. To one of these
mixtures, the probe specific for the competitor sequence is
added, whereas the probe specific for the sample sequence is
added to the other mixture. This process is carried out for a series
of reactions with different amounts of competitor added. With
this procedure, two calibration lines are obtained and the
intersection of the two lines is the equivalence point.


Melting Curve Analyses


Melting curves represent the temperature dependence of the
fluorescence (Figure 3). They are recorded subsequent to the
amplification of the target sequence by PCR. The detection can
be performed either with dsDNA-specific dyes like SYBR Green I
or with sequence-specific probes such as the molecular beacons
and the hybridisation probes (scorpion and sunrise primers
cannot be used for melting curve analysis because they are
integrated into the PCR products ; TaqMan probes cannot be
used for melting curve analyses either, since their signal
generation depends on the hydrolysis of the probe). Melting
curves of sequence-specific probes are used for genotyping,
resolving single base mismatches between target sequence and
probe,[30, 42] whereas SYBR Green I is used most frequently for
product characterization.[4] It has been reported that melting
curves measured with SYBR Green I can also be utilized for
genotyping of insertion/deletion polymorphisms[57] and of single
nucleotide polymorphisms (SNPs).[58]


In melting curves, the signal decreases gradually as a result of
a temperature-dependent quench and more abruptly at a
certain temperature because of the melting of the products
(dsDNA or ssDNA/probe hybrid; Figure 3A). The melting tem-
perature (Tm) of a product is defined as the temperature at which
the steepest decrease of signal occurs. This can be identified
conveniently as the peak value(s) (global or local maxima) in the
negative derivative of the melting curve (Figure 3b). Addition-
ally, the area under the curve (AUC) of the peaks is proportional
to the amount of product. Therefore, melting curve analysis may
be used for quantifications with internal standardization when
the Tm values of sample and competitor products are signifi-
cantly different.[59] However, well-performed normalization is
required to reduce the systematic error due to the temperature-
dependent quench. This quench also limits the sensitivity of
melting curve analyses. At present, there is only one software
package available that can remove the quench effects from the
data.[52]


With SYBR Green I, the amplification of the correct target
sequence can be confirmed. In most cases, nonspecific products


have different lengths and therefore deviating melting temper-
atures.[4] Hybridisation probes, molecular beacons and TaqMan
probes are used for mutation detection,[28, 30, 60] genotyp-
ing[42, 61±63] and SNP screening.[64, 65]


Applications


Real-time PCR is used for absolute and relative quantifications of
DNA and RNA template molecules and for genotyping in a
variety of applications.
Quantitative real-time PCR is used to determine viral loads,[66]


gene expression,[56, 67] titers of germs and contaminations (in
food, blood, other body fluids and tissues),[68±71] allele imbal-
ances[72] and the degrees of amplification and deletion of
genes.[73, 74]


Real-time PCR is also becoming increasingly important in the
diagnosis of tumours, such as for the detection and monitoring
of minimal residual diseases,[50, 75±78] the identification of micro-
metastases in colorectal cancer,[79] neuroblastoma[80] and pros-
tate cancer.[81] It has been used to quantify amplifications of
oncogenes[82±85] as well as deletions of tumour suppressor
genes[86] in tumour samples. Also, the response of human cancer
to drugs has been studied.[87±89] Other clinically relevant appli-
cations are cytokine mRNA profiling in immune responses[90, 91]


and tissue-specific gene expression analysis.[92±94] Also, the
results of DNA chip experiments are validated by real-time PCR
quantifications.[95±97]


Chimerism analysis is possible when sequence-specific probes
are utilized to differentiate and quantify alleles. High dynamic
ranges can be achieved with allele-specific real-time PCR.[98]


Robust chimerism analyses with extremely large dynamic ranges
based on insertion/deletion polymorphisms and on SNPs are
also possible.[99, 100] Genetic chimerisms have been monitored by
Y-chromosome-specific real-time PCR for sex-mismatched trans-
plantations[101±103] and by allele-specific real-time PCR.[98, 100] This
combination of allele-specific amplification with real-time PCR
has been shown to reveal detection limits of down to 0.01% for
SNPs.[100] Real-time PCR is increasingly used in forensic analy-
ses,[104±106] but also to monitor disease- or age-related accumu-
lation of deletions in the mitochondrial genome.[107, 108]


Melting curve analyses are used for real-time competitive
PCR,[59, 85] gene dosage tests[72] and genotyping and SNP
detection.[63, 109, 110] These applications will have a particularly
strong impact on pharmacogenetics.[111] Profiling of DNA meth-
ylation is also possible by melting curve analysis,[112, 113] which
simplifies the analysis of epigenetic variations of the genome
and developmental processes.


Summary and Outlook


Real-time PCR techniques have had an will continue to have a
substantial impact on life sciences for several reasons: the robust
assays are fast and easy to perform; the risk of carry-over
contamination is minimal because of the closed-tube formats of
the analyses; post-PCR processing is not required; and the
results obtained have a high precision, provided that the
evaluation is done correctly. The evaluation of the data is still a
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limiting factor for reliability and precision of the results.
However, as a result of the increasing market competition, more
robust and user-friendly software will be provided. Additionally,
the instrumentation and the chemistry involved will become
more economical.
Quantitative analyses with precisions of less than 15% within


a dynamic range of more than six orders of magnitude make this
technique a valuable tool in nearly all investigations in which the
amounts or concentrations of known nucleic acid target
sequences in biological samples have to be determined.
Combination with sequence-specific detection allows rapid
and quantitative genotyping. By using allele-specific primers
for real-time PCR, quantitative chimerism analyses are possible
with detection limits of 0.01%. Melting curve analyses, per-
formed directly after the PCR, allow product characterization,
genotyping, mutation detection, competitive analyses and
gene-dosage analyses.
The advantages of real-time PCR are exploited in clinical


diagnosis and the monitoring of infectious diseases and
tumours. The technique is applied for the analysis of age-
dependent diseases, cytokine and tissue-specific expression,
forensic samples, epigenetic factors like DNA methylation and
for food monitoring. The field of applications is still growing
rapidly, which suggests that real-time PCR will become one of
the most important techniques in molecular life sciences and
medicine.
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Vector Systems for the Delivery of Small
Interfering RNAs: Managing the RISC**
Christopher W. Arendt,*[a] Guilin Tang,[b] and Asher Zilberstein[c]


Introduction


The seminal observation by Tuschl and colleagues that small
RNA duplexes can function in a potent and sequence-specific
manner to mediate post-transcriptional gene silencing (PTGS) in
mammalian cells has injected new vigor into the field of
functional genomics.[1] Particularly exciting has been the gen-
eration of vector tools designed to permit stable knockdown of
genes of interest in a variety of cell types. While it is clear from
the recent literature that vector delivery of small interfering
RNAs (siRNAs) is a tractable approach for silencing genes in cells,
tissues, or entire organisms, the bearing that vector design may
have on experimental outcomes is not fully understood. This
minireview seeks to address a number of variables that may have
repercussions on the success of vector strategies for gene
knockdown.


What Biological Parameters Govern Post-
Transcriptional Gene Silencing?


The fascinating complexities of pathways governing PTGS have
been elegantly reviewed elsewhere.[2±4] One important principle,
perhaps best illustrated by studies of endogenous noncoding
microRNAs (miRNAs), concerns the intracellular compartmental-
ization of the various factors involved (Figure 1).[5] Precursor
miRNAs (pre-miRNAs), which form imperfectly base-paired hair-
pins of �70 nucleotides (nt) in size, are generated in the nucleus
by excision from a longer RNA polymerase II (Pol II) transcript.
Pre-miRNAs lack the ability to silence nuclear pre-mRNAs, and
acquire effector activity only after being transported into the
cytoplasm, where they undergo processing by Dicer. Dicer, an
RNase III-related ribonuclease, is responsible for converting
certain RNA duplexes, including those present in pre-miRNA
stems, into �21 ±23 nt fragments. The stable product of this
reaction is a single-stranded miRNA that elicits gene silencing in
association with an incompletely characterized high-molecular-
weight protein complex by a mechanism of translational
inhibition, which, in higher organisms, is thought to require
base-pair mismatches between the miRNA and the target mRNA.


When seeking to experimentally manipulate the RNA inter-
ference (RNAi) pathway to suppress the expression of specific
gene products, it is important to engineer reagents that are
optimized for entry into the appropriate steps of the RNAi
cascade. Chemically synthesized siRNA duplexes of �21 nt,
which can be introduced into a variety of cell types by transient
transfection, are designed to enter the RNAi pathway down-
stream of Dicer. These reagents act exclusively in the cyto-


plasm,[6] where the effector siRNA strand is recruited into a large
multisubunit protein complex termed the RNA-induced silenc-
ing complex (RISC). Like miRNAs, siRNAs function to guide a
silencing complex to target mRNA sequences through base-pair
interactions, resulting in the induction of PTGS. In the case of
siRNAs, however, the mechanism of silencing is catalytic,
involving numerous cycles of target mRNA cleavage by RISC.[7]


This contrasts with translational suppression by miRNAs, which is
stoichiometric and therefore less efficient. Crucial to the efficient
induction of RNAi by siRNAs is the presence of perfectly
complimentary base pairings between the siRNA and the target
mRNA. Vector-delivery strategies commonly employ short hair-
pin RNA (shRNA) expression cassettes that resemble pre-miRNAs
and undergo processing by Dicer, but like synthetic siRNAs,
contain sequences designed to pair perfectly with the target
mRNA to induce RNAi.


Taking into account what is understood about endogenous
pathways of PTGS, it is apparent that for robust silencing to be
achieved by using vector technologies, the shRNA transcript
must be efficiently transported from the nucleus to the
cytoplasm, be recognized as a Dicer substrate, and give rise to
an siRNA product capable of associating with RISC and directing
target mRNA cleavage. However, there remain many gaps in our
understanding of crucial biological parameters that may im-
pinge on vector RNAi strategies. For example, what governs the
coupling between Dicer cleavage and siRNA loading into RISC,
and why is it important that the effector siRNA strand bear a 5�-
phosophorylated terminus?[8±11] Are there differences between
cofactors involved in the miRNA versus siRNA pathways, or are
these two pathways virtually identical, with the outcome
specified solely by the degree of base-pair mismatch to target
mRNA?[7, 12±14] What accounts for the observation that only one
strand of a given miRNA duplex is maintained in the steady state,
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while the other is apparently degraded?[15, 16] And finally, given
the fact that the miRNA pathway has evolved to tolerate and
apparently require base-pair mismatching at the level of target
mRNA, how much of a capacity exists for ectopically expressed
siRNA to induce off-target effects? While the complete answers
to these questions are not yet known, there are some intriguing
hints in the recent literature that may help inform vector-based
approaches aimed at suppressing specific gene products
through RNAi.


What Is the Best Vector Type and How Should It
Be Configured?


A number of considerations that come into play when selecting
a vector system for RNAi experiments are universal to any gene-
delivery approach, and will not be covered here in detail. Most
importantly, the vector must be capable of entering target cells
with reasonable efficiency, and appropriate reporters must be


available to identify or select cells
in which vector uptake has oc-
curred. Viral vectors have the
advantage of being highly versa-
tile–they can be used in trans-
fection experiments but can also
be pseudotyped to permit entry
into difficult-to-transfect target
cells. A variety of successful ret-
roviral[17±27] and adenoviral[28, 29]


siRNA expression vectors have
recently been described. One re-
markable development has been
the demonstration that lentivirus-
es expressing siRNAs can be used
to infect blastocyst- and preblas-
tocyst-stage cells and rapidly gen-
erate transgenic knockdown
mice, a finding that has the
potential to revolutionize in vivo
reverse genetic analysis.[19, 23, 24]


Nonviral shRNA expression vec-
tors, transfected into embryonic
stem cells[30] or injected into pro-
nuclear zygotes,[31] have also
been successfully employed to
suppress gene expression in
mice.


While there have been many
impressive reports of robust gene
knockdowns by different types of
vector constructs in diverse mam-
malian cell types, few have re-
ported on the comparative eval-
uation of different vector param-
eters.[18, 25, 32±37] However, there
are some indications that the
manner in which RNAi vectors


are configured can quite substantially influence biological
outcomes, particularly in the context of viral delivery strategies,
in which the vector copy number per cell is often low and
therefore differences in gene silencing efficiency are likely to be
detected with greater sensitivity. Barton and Medzhitov, for
example, have reported that p53 knockdown by retroviral RNAi
vectors is considerably more pronounced in superinfected
cells.[18] One strategy that they, and others working with similar
viral vectors,[21, 23, 25, 27] have employed is to engineer an shRNA
expression cassette in the 3�LTR (long terminal repeat) at a
position in the U3 region that permits its duplication prior to
proviral integration (Figure 2). This has the potential to double
the gene dose of the shRNA transcript at a given multiplicity of
infection, although further studies are necessary to quantitate
the enhancement in siRNA levels and gene knockdown.


In another recent study, Hemann et al. obtained different
potencies of p53 suppression when two different viral vectors
were employed to express the same shRNA.[21] A cassette driving
the expression of an shRNA against mouse Trp53 was placed


Figure 1. Interfering RNA expressed in the nucleus acquires effector activity in the cytoplasm. An endogenous
precursor miRNA is excised from a Pol II transcript in the nucleus and transported to the cytoplasm. There it is
cleaved by Dicer into a mature miRNA, designated as the RNA strand capable of associating with a silencing
complex and inducing the translational repression of a target mRNA to which it binds with incomplete base-pair
complementarity. Vector-delivered shRNA, typically transcribed from a Pol III promoter, also acquires effector activity
in the cytoplasm upon being processed into an siRNA duplex by Dicer. This product is analogous to chemically
synthesized RNA duplexes in which one siRNA strand is designed to preserve perfect base-pairing with the target
mRNA, a feature that instructs the silencing complex to induce mRNA cleavage. The same silencing complex, RISC,
may regulate both pathways, with the mode of suppression being dictated by the extent of homology between the
siRNA and its target. Vector-expressed siRNAs have the potential to exhibit off-target activities in part by entering
the miRNA pathway (gray arrow) and suppressing the translation of partially homologous mRNAs.
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Figure 2. A self-inactivating viral system in which the shRNA cassette
undergoes duplication. Retroviral vectors have been generated in which a
promoter driving shRNA expression is engineered in the U3 region of the
3�LTR. During reverse transcription prior to proviral integration in target cells,
the sequence information within this region, including the shRNA expression
cassette, is copied to the 5�LTR. This results not only in the duplication of the
shRNA cassette, but also in ablation of the promoter and enhancer activities of
the 5�LTR. Both of these features may enhance the ability of these vectors to
mediate RNAi.


either upstream of the puromycin selection cassette of
pMSCV, or inserted into the 3�LTR of another retroviral
vector, pBabePuro. Hematopoietic stem cells transduced
with these vectors were evaluated in a murine lymphoma-
genesis model. While the two vectors induced similar rates
of lymph-node enlargement, lethality was observed only in
those mice receiving the pMSCV RNAi vector. This
corresponded with apparently higher p53 knockdown by
the pMSCV RNAi vector in transient transfection assays.
Thus, even subtle differences in the abilities of different
viral vectors to mediate RNAi may result in biological
phenotypes that diverge in a pronounced manner.


There are several factors that may explain discrepancies
in the levels of knockdown achieved with different vectors
bearing identical siRNA cassettes. It is possible that
proximity effects may influence the activity of the RNA
polymerase III (Pol III) class promoters typically used to
express shRNAs. One study indicated that Pol III promoters
are attenuated when situated between retroviral LTRs, but
exhibit robust activity when inserted into the U3 region of
the 3�LTR (which results in their duplication; see Fig-
ure 2).[38] One interpretation of these results, which was not
directly verified, is that the 5�LTR contributes a suppressive
activity against the Pol III promoter, which is overcome
when the promoter and enhancer activities of this LTR are
ablated during vector self-inactivation. Interestingly, the
5�LTRs of retroviruses can downmodulate their down-
stream 3�LTRs in a process known as transcriptional
interference,[39] and it is conceivable that similar proximity
effects may occur in RNAi vectors, including nonviral
vectors in which various promoter cassettes are arrayed. A
related issue also worth considering, particularly if cell


clones are to be derived, is that vectors may be susceptible to
position effects that occur at sites of integration into chromo-
somal DNA.[19]


What Type of Promoter Should Be Used in the
siRNA Expression Cassette?


Although the location of the siRNA expression cassette within a
given vector clearly has the potential to influence experimental
outcomes, the manner in which this cassette is designed
deserves special attention. The first aspect to consider is the
choice of promoter (Figure 3). Pol III promoters have been widely
employed to express shRNAs in both viral and nonviral
vectors.[17±27, 29±35] The familiar U6 and H1 members of the Pol III
promoter family function to permit the ubiquitous high-level
expression of small noncoding RNAs. In contrast to H1-based
promoter cassettes, the efficiency of U6 transcription is more
sensitive to the identity of the initiating (�1) nucleotide, which
for optimal expression should preserve the endogenous gua-
nosine.[37] Of particular importance from the perspective of RNAi,
the products of Pol III are initiated at a precise nucleotide
location and lack the trimethylguanosine 5� cap and 3�-
polyadenylated tail that are hallmarks of Pol II transcripts.


Figure 3. Different promoters can be used to express siRNAs. A common strategy is
to express an shRNA from a Pol III promoter, which results in the production of a
transcript with 3�-uridine overhangs that acts as a substrate for Dicer upon transport
to the cytoplasm. Alternatively, Pol II promoters can be used to synthesize an
artificially engineered miRNA-containing hairpin transcript that is 3�-polyadenylated
and possesses a 5�-trimethylguanosine cap. Nuclear processing events release the
stem-loop precursor miRNA from the transcript, allowing it to be exported to the
cytoplasm where Dicer liberates the miRNA. This ™artificial∫ miRNA is usually designed
to possess perfect sequence complementarity to its target mRNA and thereby acts as
an siRNA mimic, instructing RISC to induce mRNA cleavage. Finally, Pol III promoters
have been successfully placed under the control of tetracycline-regulated transacting
factors, allowing for the temporal regulation of siRNA expression.
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Instead, they terminate with an overhang of 1 ± 4 uridine
residues, signaled by a stretch of thymidine bases in the coding
sequence. Thus, these promoters are ideal for the generation of
compact and minimally modified shRNAs possessing 3�-nucleo-
tide extensions at the base of the stem, a structure that is
analogous to the overhangs found on bona fide Dicer cleavage
products and to the free ends modeled in synthetic siRNA
duplexes. Since the termini of shRNAs synthesized by Pol III
resemble Dicer cleavage products, and since Dicer normally
cleaves in a stepwise manner along double-stranded RNA with a
periodicity of 21 ± 23 nt, are Pol III-synthesized shRNAs particu-
larly effective at attracting Dicer? Surprisingly, this may not be
the case, at least when biochemically purified Dicer is assayed in
vitro.[40] It is worth noting that the Dicer pathway does not
appear to be a rate-limiting step in the ability of siRNA
precursors (or miRNA precursors) to be processed, since these
are often difficult to detect in the steady state.[33]


Another Pol III-class promoter that has been utilized in RNAi
vectors is the tRNAVal promoter. When compared to a U6
promoter driving the expression of a similar shRNA, this element
was found to significantly enhance the ability of the shRNA
transcript to undergo nuclear export and enter the RNAi
cascade.[41] Evidence for nuclear retention of shRNAs expressed
from the U6 promoter (as chimeras with the first 27 nucleotides
of endogenous U6 snRNA) has also been obtained by others.[32]


While the nuclear export pathways governing endogenous
noncoding RNAs have been well characterized,[42] the features of
siRNA expression cassettes that regulate transcript trafficking are
not understood, and further studies are required to help
interpret these provocative observations.


While Pol III-based systems are well suited to the expression of
shRNAs, Pol II-based siRNA cassettes have also been generated
(Figure 3). This class of promoters is implicated in regulating the
expression of endogenous miRNA-containing transcripts, in
which silencing normally occurs at the level of translation due
to base-pair mismatches with the target mRNA. ™Designed∫ pre-
miRNAs have been engineered by substituting regions of miRNA
hairpin stems with siRNA cassettes possessing perfect comple-
mentarity to various target genes of interest.[7, 13] The pre-
diction that these transcripts should transit through the Dicer
pathway and trigger RNAi via RISC has been confirmed,
suggesting that this is a viable alternative for RNAi vector
design. One compelling advantage of Pol II promoters is the
availability of tissue-specific versions for in vivo studies. More-
over, a single Pol II promoter can potentially be used to drive
expression of both the miRNA and a reporter gene if, for
instance, the pre-miRNA sequence is inserted into the 3�
untranslated region (UTR) of the reporter gene transcript.
Further flexibility is conferred by the capacity to combine
multiple miRNAs within the same Pol II transcript.[43] Of note, the
ability of Pol II to efficiently synthesize transcripts containing
active miRNAs does not necessarily extend to minimal shRNA-
containing hairpins.[35, 37] In one report in which functional
shRNAs were transcribed from a cytomegalovirus (CMV) pro-
moter, the close juxtaposition of the shRNA between the
promoter and a minimal polyadenylation termination signal
appear to be critical for silencing activity.[28]


Although Pol II promoters have been comfortably manipu-
lated within expression vectors for many years, a greater number
of RNAi studies have employed vectors with Pol III-based
expression cassettes. Pol III expression cassettes have also be
successfully arrayed in tandem, an approach that has been used
to individually express two siRNA strands of the same du-
plex,[44, 45] but which might be modified to permit two distinct
shRNAs to be co-expressed (for example, to target two genes
that act in a compensatory manner). Clearly, what is needed is a
systematic analysis of the biosynthesis, nuclear export, and
silencing activity of siRNAs produced by different promoters in a
variety of vector systems. In a recent study, Boden et al.
transfected cells with a vector panel in which different Pol III
promoters, or the CMV promoter, directed the expression of an
shRNA transcript targeting the tat gene of HIV-1.[37] Northern blot
analysis revealed that the highest shRNA expression levels were
obtained from either U6-based promoters or a modified tRNAMet-
derived promoter, while the H1 promoter yielded less steady-
state shRNA product and the CMV promoter almost none at
all.[37] Assuming that similar transfection efficiencies were
obtained with these vectors, the data support the conclusion
that a hierarchy exists among the abilities of various promoters
to prime shRNA expression. Interestingly, the knockdown activity
of the vector panel was found to correlate only partially with the
steady-state levels of full-length shRNA;[37] this raises the
possibility that differences exist in the ability of these transcripts
to enter the RNAi cascade and give rise to active siRNAs.


Efforts to further optimize promoters for shRNA expression
will likely prove fruitful in advancing the versatility of vector-
delivery strategies. For example, fusing CMV enhancer sequen-
ces to a U6 promoter was found to augment the activity of an
shRNA expression cassette.[46] In addition, several groups have
developed tetracycline-regulated promoters of the Pol III
class[47±50] (Figure 3). The ability to reversibly modulate the expres-
sion of siRNAs may be particularly powerful when targeting
genes involved in growth regulation and when investigating the
plasticity of cellular differentiation, providing that expression of
the appropriate tetracycline-binding factor is also achieved.


How Should the Inhibitory RNA Transcript Be
Designed?


Having considered the nature of the promoter used to express
the interfering RNA, what about the sequence and structure of
the siRNA transcript itself ? Once again, different labs employing
distinct design principles have achieved levels of gene suppres-
sion that appear equally impressive. Given this fact, how rigorous
can these design principles be?


One of the most important aspects influencing the potency of
a given ™effector∫ or ™antisense∫ siRNA strand is its ability to base
pair with target mRNA (Figure 4). However, it is also clear that the
efficiency of silencing can vary dramatically depending on which
portion of the mRNA is targeted.[51, 52] Although some basic
design principles have been suggested for chemically synthe-
sized siRNAs,[1] the selection of target sequences remains largely
empirical. It is not understood why a high proportion of
chemically synthesized and vector-encoded siRNAs are ineffec-
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tive at mediating RNAi, although a number of explanations have
been proposed. These include occlusion of target sites by mRNA
secondary or tertiary structure, steric hindrance by mRNA-
associated factors, and ineffective entry of the antisense siRNA
into the RNAi cascade. Assuming that entry into the RNAi
cascade is an important issue, is it possible that physical features
of experimentally designed shRNAs such as stem length, loop
sequence, and base composition might influence the efficiency
of silencing?


On the issue of stem length, one point that is clear is that RNA
duplexes longer than 30 nt trigger an interferon response,
resulting in nonspecific translational suppression by the double-
stranded RNA Responsive Protein Kinase (PKR) cascade. A variety
of groups have experimented with shRNAs bearing stems of 19 ±
23 nt in length, which is similar to the size of Dicer cleavage
products.[17, 19, 20, 22±26, 30±34] Others have successfully employed
stems as long as 29 nt, generating shRNAs resembling pre-
miRNAs in size.[21, 35] We illustrate in Figure 4 an example of how
we addressed the role of shRNA stem length using a reporter-
based assay. We coexpressed, in 293T cells, the firefly luciferase
reporter gene and a series of shRNAs directed against it that


varied only in stem length (from
18 nt to 29 nt in 1 nt increments).
Although all of the shRNAs target-
ed the same region of firefly luci-
ferase, we reproducibly observed
that shRNAs containing longer
stems exhibited higher silencing
activity than those possessing
stems of less than 20 nt. While
the differences were modest, the
slight advantage conferred by lon-
ger stems, which has been men-
tioned by others,[35] may have a
meaningful impact in experiments
in which vector copy number is
limiting. One point to consider,
especially when working with larg-
er stems, is that hairpin-containing
DNA plasmids can be difficult to
propagate and sequence. These
difficulties can be mitigated by
modifying several bases within
the ™sense∫ arm of the RNA hairpin
to introduce G±U mismatches,
which are stable in the context of
an RNA alpha-helix.[35] Since Dicer
has the capacity to cleave in the
context of base mismatches,[12]


these modifications should not
impair entry into the RNAi path-
way.


The next factors to consider are
the size and nucleotide composition
of the loop that is used to connect
each strand of the shRNA stem.
Brummelkamp et al. tested loops


of 5, 7, and 9 nt length and concluded that 7 nt produced shRNAs
with the greatest activity.[33] Others have successfully employed
loops as small as 3 nt[25, 34] and as large as 23 nt,[35] although it
should be noted that many ™loops∫ that have been described in
the literature contain some complementary base pairs. In terms
of the nucleotide sequence of the loop, different restriction sites
inserted into the loop region of shRNAs have been well tolerated
in different assay systems, including palindromic sequences that
may form additional hairpin structures. However, Kawasaki and
Taira made the intriguing observation that the insertion of a loop
motif from the miRNA mir-23 greatly enhanced the cytoplasmic
partitioning of an shRNA under the control of the U6 promot-
er.[41] We have also found that U6-driven shRNAs containing loop
motifs from a variety of human miRNAs (including mir-1, mir-19-
b, mir-21, mir-23, mir-25, mir-26b, and mir-28) exhibit enhanced
silencing activity in transient transfection assays compared with
shRNAs substituted with artificial loop sequences (e.g. contain-
ing palindromic or nonpalindromic restriction sites). Whether
there are mechanisms through which miRNA features, such as
loop structures, are recognized by nuclear export pathways
remains a particularly intriguing area for further investigation.


Figure 4. Features of the shRNA that may influence its function. Vector-expressed shRNA undergoes cleavage by
Dicer, generating an siRNA duplex in which the antisense strand possesses perfect sequence complementarity to
the target mRNA, a feature that confers the ability to trigger RNAi in association with RISC. In contrast, the sense
siRNA, which by definition does not play a role in guiding RISC to the mRNA target, is sometimes designed to form
an imperfectly base-paired shRNA stem, a modification that aids in DNA cloning and sequencing. Factors such as
stem length, loop sequence, and base composition of the shRNA may modulate its ability to enter the RNAi
pathway. Shown, as an example, is a dataset that we generated to address the relationship between shRNA stem
length and RNAi potency. 293T cells (4� 104) were co-transfected in triplicate with 30 ng of a firefly luciferase
expression vector and 66 ng of different U6-driven shRNAs targeting the same region of firefly luciferase (5�-
ATCACTTACGCTGAGTACTTCGAAATGTC-3��bases 151 ± 180) but varying in stem length. Cells were also co-
transfected with 3 ng Renilla luciferase to normalize for transfection efficiency, and the relative firefly luciferase
signal for each condition was calculated in reference to a negative control empty vector after 48 h. Results, which
are representative of 3 experiments, reveal a general trend in which longer shRNAs (up to 29 nt in stem length) are
generally slightly more effective at suppressing target gene expression than shRNAs bearing shorter stems.
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A final question concerns whether the base composition of
the shRNA stem can influence its activity. Beyond the observa-
tion that the presence of base pair mismatches with target
mRNA appear to regulate the mode of silencing,[7, 13, 14, 53] the
available data do not clearly address whether the nucleotide
sequence may influence processes other than target recogni-
tion. There is some evidence that local sequence determinants
can influence the ability of double-stranded RNA to be
recognized by RNase III class enzymes,[54] however extensive
efforts to catalogue endogenous pre-miRNAs have identified
few consensus-type sequences.[55] One per-
plexing observation is that often only one arm
of a given pre-miRNA stem (i.e. either the 5� or
3� arm) can be detected in cell extracts ;[15, 16]


this implies that some aspect of miRNA
precursor structure or sequence regulates
miRNA half-life by dictating which strand
stably associates with the silencing complex.
By analogy, it is possible that in the case of
vector shRNA there is also a bias at the level of
RISC loading of one siRNA strand at the
expense of the other; if so, this may be one
explanation for why different shRNAs exhibit
different levels of silencing activity. In a
recently study, Lee et al. indeed found that
only one arm of a vector-expressed shRNA
could be detected in cell extracts; this sug-
gests that the mechanisms regulating miRNA
stability, though not yet well defined, may also
apply to siRNAs.[27] It will be critical to address
whether this is a general feature of most
shRNAs and to determine whether features of
shRNA nucleotide chemistry, such as the local
annealing energies of base-paired regions,
alter the relative abilities of the two siRNA
products to stably associate with RISC. An
exciting advance would be the ability to
enhance RISC loading of the ™antisense∫ effec-
tor siRNA by engineering base-pair mutations
in the ™sense∫ shRNA arm that alter the relative
abilities of the two siRNA products to associate
with RISC.


How Should Vectors Targeting Different
Regions of the Same mRNA Be Evaluated?


A particularly frustrating bottleneck in the ability to deploy RNAi
vectors is the difficulty in determining which portion of the
mRNA to target, since there is a high level of variability in the
degree of silencing achieved with reagents directed against
different regions of the same transcript.[51, 52] Although various
algorithms to aid in deciding which sequences to target are
undergoing refinement, the selection process remains empirical,
and at present multiple reagents must be generated for each
target gene in order to achieve a statistical probability of
success. Are there practical approaches that can help streamline
the selection of candidate vector reagents?


While flow cytometry, Western blotting, and real-time PCR are
all viable approaches to compare the effectiveness of different
RNAi vectors in suppressing endogenous gene expression,
whether these assays are possible or practical may vary based
on gene target, cell type, and efficiency of vector delivery. An
alternative strategy is to subject vector reagents to preliminary
functional screens in simple transfection-based reporter assays,
which can be standardized for a wide variety of target genes. For
example, genes can be epitope-tagged or fused to reporters
such as the green fluorescent protein (Figure 5). Vector reagents,


including viral constructs, can then be screened by transient co-
transfection with the tagged target genes. An alternative
approach that is even more versatile is to insert target sequences
into the 3�-UTR of a reporter gene such as luciferase to generate
a ™tagged∫ mRNA chimera (Figure 5). Since this strategy does not
involve the translation of target sequences, reading frame need
not be preserved and any portion of the target mRNA can be
screened. In either of these experimental approaches, the
transfection mix should be spiked with another reporter vector
to control for transfection efficiency and nonspecific (i.e. global)
gene suppression. By using these approaches, which can be
carried out in 96-well format with cell lines, candidate vectors
that yield the best levels of knockdown compared with positive
control reagents directed against reporter sequences can be


Figure 5. Reporter-based assays for target sequence selection. Two schemes are illustrated in which
reporter genes can be utilized to screen candidate reagents for the ability to induce RNAi. In the first
example, a fusion protein between the open reading frame (ORF) of the target gene and the green
fluorescent protein (GFP) is generated that is assayed by co-transfection with siRNA vectors directed
against the target ORF. Vectors that result in the greatest decrease in GFP signal can be selected for
further analysis in a more relevant experimental model. Alternatively, a fusion transcript can be
generated in which a target mRNA sequence is inserted within the 3�-untranslated region of a
reporter such as firefly luciferase. Vectors encoding an active siRNA against the target sequence will
induce a reduction in firefly luciferase activity that can be quantitated in reference to another
reporter (e.g. Renilla luciferase) as an internal control. The advantage of this latter approach is that
any portion of the target-gene mRNA can be utilized in the screen.
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rapidly selected for more rigorous testing. By having in place an
efficient screen that can be used to filter out ineffective vector
reagents, greater efforts can be focused on the more daunting
task of analyzing endogenous gene knockdown by using the
best candidate vector reagents in relevant target cells. Efforts to
assess the predictive ability of reporter assays such as these will
be of value in helping streamline target sequence selection until
the ideal of reliable in silico design can be achieved.


Unfortunately, being able to trigger an effective knockdown is
not the only concern when screening for candidate target
sequences. A more nebulous issue is how to assess and minimize
potential off-target effects of a given vector siRNA. There are
several possible mechanisms through which additional genes
to the intended target may be suppressed. For example, it
has been observed that some degree of base-pair mismatch
may be tolerated in the induction of RNAi by RISC.[34, 43, 52]


Imperfect base pairing between either member of an siRNA
duplex and an off-target mRNA also has the potential to
induce translational silencing (Figure 1), although it should be
noted that siRNAs functioning as miRNAs tend to require
tandemly arrayed target sites for efficient suppression of
transiently expressed reporters.[13, 53] Obviously, sequence-ho-
mology searches should be performed on all candidate target
sequences prior to vector generation, but at what level of
stringency?


Recently, several groups have reported the results of micro-
array screens designed to detect off-target mRNA suppression in
RNAi experiments. In two studies, gene silencing was extremely
selective, at least at the level of mRNA.[56, 57] However, one report
was more troubling, in that evidence was obtained that
contiguous stretches of cross-hybridization as small as 11 nt
between an siRNA and mRNA could trigger PTGS.[58] While these
experiments were carried out with synthetic siRNAs, additional
concerns have been raised by another recent study showing that
a high proportion of plasmid and viral shRNA expression vectors
induce an interferon response, particularly at higher doses.[36] It is
therefore essential that appropriate measures be taken to
control for nonspecific phenotypes in RNAi experiments. A
number of practical measures were outlined in a recent RNA
symposium,[59] the simplest of which is to titrate down the
dose of knockdown reagent to the lowest possible level.
Different doses of the same siRNA can produce dramatical-
ly different levels of off-target RNAi.[56, 58] Another experiment-
al control is to demonstrate that the same phenotype is
obtained when targeting distinct regions of the same mRNA
or, more elegantly, to perform a rescue experiment by re-
constituting expression of the targeted gene in the presence
of the knockdown vector. This can be accomplished with rela-
tive ease if the vector regents are directed against UTR
sequences, since the minimal open reading frame can then
be ectopically expressed without serving as a target for RNAi. A
final control that should be considered is examining whether
vector siRNA induces the upregulation of genes associated with
an interferon response, such as 2�5�-oligoadenylate synthe-
tase.[36]


Summary


Although the RNAi field is in its infancy, there have been rapid
advances in the vector delivery of small interfering RNAs to cells,
tissues, and entire organisms. Success has been achieved
through a variety of distinct approaches; however there are
opportunities to further refine these technologies to more
reliably elicit potent and specific RNAi. Pivotal to the continuing
evolution of these revolutionary reverse genetic tools will be the
attainment of a better understanding of the interplay between
vector reagents and the elaborate cellular machinery of the RNAi
pathway.
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New Light on a Long-Known Protein Family**
Olav M. Andersen and Helle H. Petersen*[a]


1. Introduction


The scope of the present minireview is to give a short
presentation of a family of membrane proteins that were first
thought to function only as endocytic receptors regulating
components of the extracellular fluids but that are now known
to be important in a multitude of cellular events.


The low-density lipoprotein receptor (LDLR), the first to be
identified, serves as the prototypical member of the LDLR family,
which now includes nine members (Figure 1). The protein family
members bind a diverse range of unrelated ligands. In this
review, we will describe how the molecular basis for ligand
recognition can be elegantly encoded by arrays and combina-


tions of similar small domains that cooperate to generate high-
affinity binding sites. We will also show how the use of
transgenic mouse models has shed new light on the functions
of this ancient protein family and has demonstrated that several
of these proteins have essential roles in cellular signaling
pathways, including the Reelin and Wnt signaling pathways.


Substantial knowledge of the molecular mechanisms under-
lying ligand recognition has now been obtained, which makes
the receptors attractive targets in drug development for the
medical treatment of defects arising from lack of function of
single or multiple members of the receptor family.


2. Ligand Binding


The structural architecture of the prototypical LDLR includes
several small, independent folding units that are found in a
variety of extracellular proteins. The mosaic proteins are
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Max Delbr¸ck Center for Molecular Medicine
Robert-Rˆssle-Strasse 10
13125 Berlin (Germany)
Fax: (�49)30-9406-3382
E-mail : petersen@mdc-berlin.de


[**] A list of abbreviations can be found at the end of the text.


Figure 1. The LDLR gene superfamily. The figure shows the canonical members of the LDLR gene family identified to date. All receptors are anchored in the plasma
membrane by a single membrane-spanning segment and contain a short cytoplasmic tail of 50 ± 250 amino acids. Between one and three NPXY endocytosis motifs are
present within most of the tail sequences. The extracellular domains consist of arrays of ligand-binding CR domains, the EGF-precursor homology domains, and
sometimes an O-linked sugar domain. Arrows indicate putative furin cleavage sites, and the box surrounding part of the extracellular domain of LRP indicates a region
very similar to that of LRP5/6.
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composed of small, cysteine-rich, complement-type repeat (CR)
domains, similar to those found in many components of the
complement system, and parts analogous to the epidermal
growth factor (EGF) precursor that consist of repeating EGF-like
domains and a six-bladed �-propeller domain with multiple
copies of a YWTD tetrapeptide consensus sequence (Figure 1). A
highly diverse set of otherwise unrelated ligands have been
shown to bind to one or more of the lipoprotein receptors. A
subset of these is listed in Table 1. For more information, the


reader may consult ref. [1] . Besides lipoproteins, proteinases in
complex with their inhibitors, carrier proteins for lipophilic
molecules, and proteins with a specific function in signaling
pathways, such as the Sonic hedgehoc,[2] Dickkopf, and Reelin[3]


proteins, are known to bind and enter cells by way of the
lipoprotein receptors. The receptor-associated protein (RAP) has
attracted special interest because it is a specific chaperone for
several of the low-density lipoprotein receptor related proteins
(LRPs) within the secretory pathway and, thus, binds every
member of the LDLR family and functions as a universal inhibitor
of ligand binding.


Ligand binding extends to the entire luminal domain


The identification of ligand binding sites within the receptor
structure has revealed sites for protein interaction throughout
the entirety of the receptor ectodomains. Information on the
different ligand binding sites has often been provided from
studies of how inhibitors with known binding sites displace a
given ligand and/or how a potential ligand influences the
association of well-established ligands. For this purpose the use
of specific antibodies with already known binding sites has
turned out to be very useful, for example, in identifying the
binding sites for apoE and lactoferrin within megalin.[4] In
particular, the ligands that bind to LRP and megalin have been
analyzed, since they are superior in the number of different
ligands as well as in their molecular size. Some ligands bind to
identical or partially overlapping sites, which results in compet-
itive receptor binding, while other ligands have unique sites that
are strongly suggestive of multiple (identical or discrete) ligand


binding sites within the luminal domains. Molecular dissection of
the large ectodomains has been used for the demonstration of
direct ligand interactions with specific receptor fragments.[5, 6]


As LDLR was the first known member of the receptor family,
the initial studies on ligand binding determinants have been
extracted from the data of lipoprotein particle binding to LDLR.
The presence of repetitive negative charges in the CR-domain
sequences led to the hypothesis that these domains constitute
the major sites for association of positively charged lipoprotein


epitopes. Also, in the gigantic receptor molecules containing
multiple clusters of CR domains (for example, LRP, LRP1B, and
megalin; Figure 1), most, if not all, of the CR clusters are able to
mediate ligand binding.[7]


For a long time it was not known whether the additional
domains present in the extracellular domain of the lipoprotein
receptors also participate in ligand binding. However, both the
EGF-like repeats and the � propellers are well known to bind
proteins when present in other molecules. For these domains
new insight has recently been given by the newly identified
receptors LRP5 and LRP6, which contain only a small CR cluster
with three CR domains but have several EGF-precursor homol-
ogy domains (Figure 1). Indeed, compelling evidence has been
provided that two of the most important ligands hitherto
identified, the Wnt proteins and Dickkopf proteins, bind directly
to the EGF-precursor homology domains.[8] In addition, a
functional mutation at the surface of the first � propeller within
LRP5 has been described and is speculated to result in impaired
ligand recognition.[9] From comparison of the domain architec-
ture of LRP with LRP5/6, the similarity between the latter and the
region just on the C-terminal side of CR cluster II in the former is
intriguing (Figure 1). The resemblance between these regions
and the presence of protein recognition sites within the EGF-
precursor homology domains in LRP5/6 make it very likely that
ligand binding in the whole family of LRPs is not solely made by
the CR clusters and that the ligand binding sites are distributed
along the entire luminal domain. This hypothesis is further
underscored by the recent X-ray crystal structure data of the
complete LDLR luminal domain. This structure was solved at the
endosomal pH value to gain a better understanding of the


Table 1. Selection of identified ligands for the LDLR family.


Type of ligand Identified ligands


Interaction with the extracellular receptor parts:
apolipoproteins and lipases apo(a), apoB, apoE, apoH, apoJ, lipoprotein lipase, hepatic lipase
proteinases, inhibitors, and their complexes uPA, tPA, thrombin, elastase, Factors VIII, IX, and X, PAI-1, PN1, �1-antitrypsin, �2-macroglobulin (�2M),


tissue factor pathway inhibitor
vitamin/hormone-carrier complexes vitamin A± retinol binding protein, 25-OH vitamin D3 ± vitamin D binding protein (DBP), vitamin B12 ±


transcobalamin, parathyroid hormone (PTH), thyroglobulin, transthyretin
others Sonic hedgehoc, Reelin, HIV-1 transactivator, lactoferrin, Wnt proteins, Dickkopf, receptor-associated


protein (RAP)
membrane proteins/coreceptors cubilin, amyloid precursor protein (APP), uPAR
growth factors epidermal growth factor (EGF), platelet-derived growth factor (PDGF), connective tissue growth


factor, midkine


Interactions with the intracellular receptor parts: JNK-interacting protein-1 (JIP-1), Disabled protein (Dab) 1/2, autosomal recessive hypercholester-
olemia protein (ARH), axin, Shc, Fe65, megalin binding protein (MegBP), X11
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underlying molecular details of ligand release from the endocy-
tosis receptors. The lower pH value induces a specific proton-
ation of two histidine residues within the �-propeller region; this
region is then able to function as an intramolecular ligand for the
CR cluster. The binding of the �-propeller domain displaces the
already bound ligand within the endosome.[10] This demon-
strates that also the EGF-precursor domain of LDLR is directly
involved in protein ±protein interactions, in a similar manner to
the domains of LRP5/6.


Identification of specific determinants for protein recognition


The list of structurally different ligands has made it very
interesting to analyze and to try to understand protein
recognition by the lipoprotein receptors, especially because
the information for binding so many unrelated and dissimilar
protein structures seems to be encoded in part by arrays of
highly similar CR domains.


It is of interest to establish how many CR domains contribute
to the direct binding of any ligand. Analyses of LRP minirecep-
tors comprising isolated CR clusters II or IV (8 and 11 CR domains,
respectively), as well as the very low density lipoprotein receptor
(VLDLR) and LDLR CR clusters (8 and 7 CR domains, respectively),
demonstrate that a single CR cluster is sufficient for high-affinity
ligand binding. From naturally occurring apoE receptor 2
(apoER2) variants, it is also evidenced that an apoER2 CR cluster
comprising four CR domains is sufficient for ligand binding, and
four adjoined LRP CR domains possess high-affinity ligand
binding.[11] Further delineation of the minimal functional binding
unit was provided by means of surface plasmon resonance
techniques, with which it was demonstrated that three CR
domains from either LRP or VLDLR are sufficient for RAP
association,[6, 12] and recently we have provided evidence for
CR-domain pairs being sufficient for the binding of several
different ligands.[13, 14] Finally, interactions between ligands and
single CR domains have been reported.[15] However, the reported
affinity decreased in proportion with the number of CR domains,
a fact suggestive of an avidity determinant in these receptor ±
ligand interactions.


Indeed, as demonstrated for the binding of a proteinase ±
inhibitor complex to CR-domain pairs from LRP, ligands exhibit
preference for some sites.[14] However, binding is not restricted to
a sole site, since the preferred site is not a unique binding site, so
most ligands are able to bind through multiple receptor
interactions. This is in accord with a hypothesis where several
CR domains generate a high-affinity binding site because
individual weaker binding sites reside in each CR domain and
cooperate to generate the equivalent of a high-affinity site.[14]


Some of these isolated binding sites have now started to be
uncovered by our studies using tandem CR-domain pairs from
LRP and the introduction of specific, designed, single amino acid
substitutions. These studies have demonstrated that a con-
served acidic residue within the CR-domain sequences of the
LDLR family contributes significantly to the direct interaction
with several ligands. Furthermore, a partly conserved tryptophan
residue is shown to be important for intermolecular ligand
recognition.[13, 14, 16] Interestingly, tryptophan and aspartic acid


residues at identical positions in the CR-domain sequences of
the LDLR are also involved in binding to intramolecular receptor
domains after protonation of histidine residues within the �


propeller of the EGF-precursor domain at endosomal pH
values.[10]


As a way to graft additional ligand binding sites, members of
the LDLR family may interact in a dual-receptor complex. One
example, which might also be the best characterized system, is
the cooperation between megalin and cubilin. Cubilin binds
several ligands that do not bind directly to megalin, for example,
the vitamin-B12-intrinsic factor complex, but cubilin is only
peripherally attached to the cell membrane and is therefore
unable to mediate endocytosis on its own. However, interaction
of cubilin with megalin allows this protein to participate in the
endocytosis machinery and thereby play a pivotal role in the
uptake of several proteins within the kidney.[17] Hereby, a single
binding site within the lipoprotein receptor that exhibits affinity
toward cubilin significantly expands the number of ligands
directed into the cell by way of megalin. In fact, cubilin
deficiency mimics a lack of megalin and has been identified as
a cause of abnormal metabolism of vitamin D3 in the kidney.[18]


An essential role of megalin in steroid metabolism


Recent work from our group has shown that megalin and its
coreceptor cubilin are vital for the retrieval of vitamin D3 in
complex with its carrier protein, vitamin D binding protein (DBP),
from the glomerular filtrate of the kidney.[18, 19] Megalin is
abundantly expressed at the apical surface of the proximal
tubular cells facing the lumen of the kidney. In accordance with
the proposed function of megalin in ligand internalization, the
endocytic machinery in megalin-deficient mice is diminished in
the proximal tubular cells and the animals loose low-molecular-
weight ligands into the urine, where DBP has been identi-
fied.[19, 20] Due to the urinary loss of DBP, these mice suffer from
vitamin D3 deficiency and bone disease.[19] Subsequently, char-
acterization of human patients (Imerslund ±Grasbeck syndrome)
and dogs with functional defects in cubilin also revealed urinary
loss of vitamin D3, an observation underscoring the importance
of cubilin in the dual-receptor complex.[18] These findings were
surprising because according to the ™free-hormone hypothesis∫
steroid hormones and vitamin D3 enter target cells primarily by
passive diffusion over the cell membrane (Figure 2). Thus, the
principle roles of the carrier proteins are to keep the steroids
soluble in a biologically inactive form and to regulate the
concentration of free hormone for passive diffusion. By identify-
ing an endocytic pathway where direct binding of the vita-
min D3 ±DBP complex to the receptors megalin and cubilin
ensures retrieval of vitamin D3 from the urine,[21] these results
challenge the traditional concept of how steroid hormones enter
cells. In keeping with our observations, reduced vitamin D3 uptake
has also been observed in DBP knockout mice.[22] This is the first
example of an endocytic uptake pathway for steroid hormones
that has been elucidated in molecular detail. However, reports
exist of receptor-mediated uptake of carrier proteins in complex
with testosterone and �-estradiol in epididymis and endome-
trium, respectively.[23] Intriguingly, high expression of megalin and
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Figure 2. Hormone action. The classical ™free-hormone hypothesis∫ pathway for
cellular uptake of steroid hormones and vitamin D3 is shown on the left.
According to this hypothesis, after dissociation from its carrier protein, DBP,
vitamin D3 passively diffuses across the cell membrane into the cytosol and then
into the mitochondria, where it is processed before release into the interstitial
fluid. We have now demonstrated the importance of receptor-mediated uptake of
vitamin D3, as illustrated on the right. The DBP ± vitamin D3 complex binds to
megalin and cubilin, and megalin mediates internalization and delivery of the
DBP ± vitamin D3 complex to endosomal compartments. There, DBP is degraded,
whereas vitamin D3 is released into the cytosol where it possibly associates with
intracellular carrier proteins, which shuttle the vitamin to the mitochondria for
processing.


apoER2 in the genital system has been reported, a fact raising
the possibility that receptor-mediated endocytosis might be a
general mechanism for regulating hormone concentrations and,
for example, for achieving a temporarily high concentration of
steroid hormones in target tissues.


3. Prototypical Signaling Mechanisms


The prototypical function of the LDLR family has long been
thought to be solely the endocytosis of the large multitude of
different ligands that bind to the luminal domains. Recent
research has now provided compelling evidence showing that
the function of several members extends far beyond that of
clearing proteins from the extracellular fluid. Members of the
LDLR family might indirectly influence several important cellular
signaling pathways. For example, megalin mediates the clearing
of parathyroid hormone (PTH) from the extracellular space,
whereby less PTH is available for binding to the original PTH
signaling receptor. Accordingly, there is a decrease in PTH signal
transduction and Ca2� mobilization, and so megalin is linked
indirectly to this pathway.[24] However, more direct actions of
LDLR family members as signal transducers have now started to
be elucidated; for example, it has been observed that the cortical
developmental defects of mice deficient in apoER2 and VLDLR
phenocopy the brain from Reeler mice. These receptors function
directly in a linear signaling pathway within migrating neurons,
as described in detail below.


Identification of cytoplasmic adaptors and scaffold complexes


Recognizing that the receptors of the LDLR family may be
directly involved in signal transduction through interaction with


cytoplasmic proteins has initiated an extensive search for
scaffold proteins binding the intracellular domain of the family
members. Here we will introduce a few of the newly identified
interaction partners. (For further data, see ref. [25]). Several
adaptors linking the receptors to the endocytic and sorting
machinery have been identified. Notable is the discovery that
the familiar disease autosomal recessive hypercholesterolemia is
caused by mutations in the gene encoding ARH, an adaptor
molecule binding to LDLR.[26] ARH contains a phosphotyrosine
binding (PTB) domain found in several adaptor molecules
including disabled protein (Dab) 1 and Shc.[26] PTB domains
recognize a canonical NPXY motif, in a manner either dependent
on tyrosine phosphorylation (for example, Shc) or independent
thereof (for example, Dab1 and ARH). Through its PTB domain
ARH binds the NPXY motif in the LDLR tail, which is required for
LDLR-mediated endocytosis. Furthermore, ARH binds clathrin
and the �2-adaptin subunit of adaptor protein 2 (AP-2), two key
components of clathrin-coated pits, which strongly suggests
that ARH is critical for linking LDLR to the endocytic machinery.[27]


In line with this, LDLR-mediated endocytosis is blocked in
hepatocytes and lymphocytes from autosomal recessive hyper-
cholesterolemia patients despite normal receptor expression.[28]


Dab2, the second mammalian Dab homologue, was first
identified as a putative tumor suppressor gene.[29] Dab2
comprises an N-terminal PTB domain, a proline-rich C-terminal
domain, and several phosphorylation sites. Apart from being
connected with several signaling pathways, Dab2 has been
linked to the endocytic machinery. The PTB domain of Dab2
binds to the NPXY motif within the cytoplasmic tail of megalin,
as well as to phosphoinositides.[30] The C-terminal part associates
with AP-2 and clathrin. These observations suggest a role as a
scaffold protein involved in cargo selection and clathrin lattice
assembly, which places Dab2 in the same protein family of cargo-
specific adaptor proteins as ARH. Also, analysis of Dab2 knockout
mice suggests that Dab2 might be important for linking megalin
to the endocytic machinery and to signaling pathways. Like the
megalin knockout mice, the proximal tubule cells of mice
deficient in Dab2 have reduced clathrin-coated pits and DBP is
secreted into the urine. Furthermore, in one mouse model, Dab2
influences the structural organization of the visceral endoderm,
perhaps functioning by a mechanism similar to Dab1 (see
below).[31]


We have recently identified a novel scaffold protein binding
the cytoplasmic tail of megalin, the megalin binding protein
(MegBP).[32] The recognition site maps to an N-terminal region on
the megalin tail comprising a proline-rich sequence. High
expression levels of MegBP in cell lines with a high endogenous
megalin expression result in cellular lethality. The identification
of several transcriptional activators and components of signal
transduction cascades as MegBP interaction partners has led to
the proposal that megalin may regulate gene transcription
through adaptors targeted to the megalin tail by MegBP.[32]
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Reeler mouse phenocopy by the apoER2/VLDLR double
knockout mouse


Brain development is markedly altered in mice lacking both
VLDLR and apoER2.[33] The double knockout mutants have
obvious and highly characteristic defects in neuronal layering in
the cerebral cortex, hippocampus, and cerebellum. The histo-
logical analysis shows that the VLDLR�/�/apoER2�/� phenotype is
virtually identical to that seen when either of the genes
encoding the extracellular matrix protein Reelin or the intra-
cellular adaptor protein Dab1 is mutated.


Reelin is secreted by the external layer of Cajal ± Retzius
neurons in the developing brain but is not expressed by those
neurons that show a disrupted migration pattern, for example,
cortical plate neurons or cerebellar Purkinje cells. This suggests
that Reelin acts on target cells from a distance through the
extracellular matrix. However, the interaction of specific anti-
Reelin antibodies with the surface of Purkinje cells implies that
Reelin is associated with cell surface receptors, and this has led to
the identification of three different types of membrane-associ-
ated Reelin binding proteins, �3�1 integrins,[34] members of the
cadherin-related neuronal receptor family,[35] and VLDLR/apo-
ER2[3, 36] (Figure 3).


Figure 3. VLDLR and apoER2 are requisite components in Reelin/Dab1 signaling.
Reelin is able to associate with several classes of cell surface proteins, including
apoER2 and VLDLR, integrins, and members of the cadherin-like neuronal
receptors (CNRs). Binding of Reelin causes apoER2/VLDLR to recruit the
cytoplasmic adaptor Dab1, which becomes phosphorylated on tyrosine residues,
perhaps mediated by Src, Abl, and/or Fyn. The apoER2 tail harbors an alternative
spliced exon that binds members of the c-jun signaling pathway, the JIP-1/2
scaffolding proteins. JIPs organize mitogen-activated protein kinase kinases (for
example, MLK3 and MKK7) into a complex, and these observations suggest that
activation of the JNK pathway may function specifically through apoER2-
mediated Reelin signaling.


The adaptor Dab1 is a phosphotyrosine protein that resides in
the cytoplasm within the neurons that manifest the Reeler
phenotype. Dab1-deficient mice develop a phenotype indistin-


guishable from the Reeler one, and several lines of evidence
place Dab1 as a key element in the cellular response to the
Reelin signal. Dab1 tyrosine phosphorylation is stimulated
directly by Reelin in neuronal cultures, and Dab1 tyrosine
phosphorylation is reduced in embryos that lack Reelin.[37, 38] The
phosphorylated Dab1 protein is able to recruit nonreceptor
tyrosine kinases like Fyn, Src, and Abl that are further implicated
in diverse cellular signaling cascades. The importance of Dab1
phosphorylation is further underscored by the failure to rescue a
Dab1-deficient phenotype with a Dab1 mutant that cannot
undergo tyrosine phosphorylation, whereas wildtype Dab1
can.[38]


In conclusion, Reelin, VLDLR/apoER2, and Dab1 are working as
components in a linear pathway, where the interaction of Reelin
with the luminal receptor domain(s) results in phosphorylation
of Dab1 because the adaptor is brought into the proximity of an
as yet unidentified kinase by the direct binding of Dab1 to the
NPXY motif within the receptor tail (Figure 3).


The signal affects the migration of postmitotic neurons along
guidance fibers, where it is speculated that Reelin acts as a
detachment signal, which allows the correct positioning of
neurons in the developing as well as the postnatal brain.[39]


ApoER2, but not VLDLR, also binds the family of c-Jun
N-terminal kinase (JNK) interacting proteins (JIPs) that act as
molecular scaffolds for complexes working in the JNK signaling
pathway.[40] The differential binding of JIPs presents a possible
explanation for differences observed between mice lacking
apoER2 and VLDLR-deficient mice.[33]


A function of the Reelin signaling pathway in man has also
been suggested. The possible role of Reelin in human malfor-
mations and polygenic diseases was hypothesized after obser-
vation of decreased Reelin expression as a putative vulnerability
factor in schizophrenia and the discovery of two cases of
autosomal recessive lissencephaly with cerebellar hypoplasia
associated with Reelin mutations.[41]


LRP5 and LRP6 are fundamental in the Wnt/�-catenin
signaling pathway


Wingless signaling plays a critical role in various developmental
processes and in tumor genesis. Wnt is a group of secreted
proteins that initiates signaling by binding to seven-transmem-
brane receptors of the frizzled protein (Fz) family. Two wingless
signaling pathways are known at present. In the canonical Wnt/
�-catenin pathway, binding of Wnt to Fz results in stabilization of
�-catenin, which, in complex with members of the lymphoid
enhancer factor/T cell factor (LEF/TCF) family, initiates tran-
scription of target genes (Figure 4). The alternative pathway
does not involve �-catenin but leads to intracellular Ca2� release
and is important for cell polarity (reviewed in ref. [42]). Recently,
it was shown that disruption of expression of functional LRP6 in
mice and of the LRP5/6 homologue in fruitflies results in
phenotypes reminiscent of some mutant Wnt phenotypes,
whereas LRP6 overexpression in frogs activates Wnt ± Fz signal-
ing.[43] LRP5/6 binds Wnt and can form a Wnt-dependent ternary
complex with Fz. Together these observations suggest that
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Figure 4. The canonical Wnt signaling pathway. Wnt binding to LRP5/6 and Fz
results in stabilization and accumulation of �-catenin, which after entry into the
nucleus activates target gene expression through complex formation with
transcription factors of the TCF and LEF families. The Wnt signaling pathway is
attenuated by Dickkopf1 (Dkk). Binding of Dickkopf1 to LRP5/6 inhibits ternary
LRP5/6 ±Wnt ± Fz complex formation and thereby induces �-catenin degradation.
Binding of Dickkopf1 to Kremen (Krm) does not inhibit its binding to LRP5/6,
rather Kremen functions as a coreceptor.


interaction of Wnt with LRP5/6 is followed by �-catenin
stabilization and initiation of transcription (Figure 4). In addition,
the LRP5 tail binds directly to axin, an important component in
the complex of adaptor molecules responsible for the phos-
phorylation and thus destabilization of �-catenin. Thus, by
binding axin, LRP5 is able to remove axin from the phosphor-
ylation complex, whereby reduced �-catenin degradation and
enhanced target gene transcription is achieved.[44] Furthermore,
LRP5/6 has proved to be critical for the regulation of Wnt
signaling through the secreted inhibitor Dickkopf1, which binds
directly to LRP5/6 and inhibits ternary LRP5/6 ±Wnt ± Fz complex
formation.[8, 45] Dickkopf1 also binds to the cell surface receptors
Kremen1/2, which function as a coreceptor concentrating
Dickkopf1 at the cell surface.[46] The LRP5/6 ±Dickkopf1 ±Kre-
men1/2 complex can be removed from the cell surface by
endocytosis, possibly mediated by internalization signals in the
cytoplasmic domains of LRP5/6.


The physiological importance of LRP5 in Wnt signal trans-
duction is underscored by the finding of an autosomal recessive
defect in the LRP5 gene in patients with osteoporosis-pseudo-
glioma syndrome. Affected patients exhibit a low bone mass and
suffer from recurring fractures and deformities. They lack
functional LRP5, which suggests that loss of LRP5 results in
defective bone formation as a result of impaired Wnt signal
transduction.[47] Interestingly, analysis of LRP5 from patients with
high bone mass identified a single amino acid substitution in the
first � propeller. The substitution appears to inhibit binding of
the inhibitor Dickkopf1, thereby leading to enhanced Wnt
signaling.[9, 48]


4. Revised View on the Function of the LDLR
Family Members


In recent years, the view of the LDLR family has shifted from a
family of endocytosis receptors towards a class of membrane
proteins participating in complex signaling pathways. The
importance of apoER2/VLDLR and LRP5/6 in canonical signal
transduction, where a direct role in a linear pathway has been
characterized, was described above. The following section will
focus on the potential involvement of other members of the
LDLR family in signaling and their putative roles in regulating
cellular events. Functional roles of LRPs in the pathological
events that, for example, end with the accumulation of toxic
peptides (A�) in some neurological diseases will also be
suggested.


LRP in Alzheimer's Disease


Alzheimer's disease (AD) is a neurodegenerative syndrome
characterized by the deposition of amyloid plaques and neuro-
fibrillary tangles (reviewed in ref. [49]). Accumulating evidence
suggests that the apoE receptors (see below) have pivotal
functions in the biogenesis of the main constituent of the
amyloid plaques, the A� peptide, which is derived from the
amyloid precursor protein (APP) through sequential proteolytic
cleavage.[50] LRP especially has been thoroughly investigated for
its role in A� metabolism, since it was shown that LRP is able to
mediate endocytosis of the secreted precursor[51] and that LRP, as
well as several of its ligands, is found in the amyloid plaques.
Furthermore, genetic linkage and association studies have linked
polymorphisms in the genes for LRP and some ligands, for
example, �2-macroglobulin (�2M), to late-onset AD.


The identification of an essential role of apoE for amyloid
deposition[52] was provided by the lack of plaque formation in
apoE-deficient mice transgenic for a plaque-inducing APP
variant carrying a specific mutation identified in the APP gene
from patients with AD. This observation suggests that the apoE
receptors might be critical components for the pathogenesis of
AD. Furthermore, the gene for apoE has three alleles, and to carry
homozygously the apoE �4 allele is one of the most significant
risk factors for the late development of AD.[53] In addition, the
demonstration of a protective effect of the �2 allele[54] has further
put focus on the LDLR family as potential candidates for
pharmacological intervention in neurodegenerative disorders.


One possible mechanism by which LRP and the other
members of the LDLR family can influence the pathogenesis of
A� is by lowering the A� burden by clearance of A�-complexed
ligands (Figure 5). Indeed, the role of complexing A� was
demonstrated for �2M, which is a well-established ligand for LRP,
and �2M can therefore exert protection against A� neuronal
toxicity.[55] In parallel, it seems reasonable to expand this view for
the additional ligands known to form complexes with secreted
A� and thereby to present a way of A� clearance by endocytosis
of the complex. Known ligands that are able to form complexes
with A� include apoE, �2M, apoJ, and lactoferrin (Table 1).


Another important functional role of LRP in the pathological
accumulation of the amyloidegenic A� peptide relies on the
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Figure 5. Possible pathogenetic functions of LDLR-like proteins in A� production
and clearance. Interactions with LRP might influence the intracellular routing of
APP, for example, by direct binding between the luminal domains or by linkage
through scaffold proteins like Fe65. Alternatively, the sharing of and/or competing
for a set of cytoplasmic adaptor proteins, for example, Dab and X11, could further
contribute to altered APP processing and A� production. Extracellular clearance
of A� can occur after binding of the peptide to several LRP ligands, for example,
apoE and �2M, whereby A� is taken up into the cell and routed for lysosomal
degradation.


intracellular trafficking of the precursor, which can influence the
secretion of A�. One approach to analyze the influence of
lipoprotein receptors in the modulation of APP processing
included the blocking of LRP-mediated internalization of APP
from the cell surface by using RAP. This increased the levels of
both cell surface APP and the nonamyloidogenic �-secretase
processing and sAPP� liberation, with a significant decrease in
A� production due to less efficient transport of APP from the cell
surface into the endosomal compartment where A� can be
generated.[56]


In addition to the interaction between APP and the LRP
ectodomains, growing evidence for association of their intra-
cellular tails has been obtained; for example, the APP tail was
found to influence the association with LRP[57] and APP routing
was reported mainly to be directed by the LRP tail.[58] The
binding of cytoplasmic proteins has also been suggested to
affect APP processing. One such adaptor molecule, Fe65, does in
principal present the possibility for a direct link between the two
receptors due to its two PTB domains (Figure 5), where the
N-terminal PTB domain binds LRP and the C-terminal PTB


domain interacts with APP.[59] Alternatively, however, scaffold
proteins like Dab1 and X11, which have been shown to bind to
both tails, could compete for the binding of other adaptors and
thereby further contribute to the complexity of the interaction
pattern. The importance of functional LDLR-like proteins for
modulation of the A� level was recently underscored by the
finding that transgenic mice that overexpress human APP show
elevated levels of the amyloidogenic A� when crossed into a
hypomorphic animal model of LRP and megalin deficiency.[60]


Growth factor binding and signaling through LDLR proteins


All members of the LDLR family are known to participate in
receptor-mediated endocytosis and targeting of ligands for
lysosomal degradation. In addition, LRP may participate in
cellular signal transduction in a similar manner to VLDLR and
apoER2, for example, by modulation of the JNK signaling
cascade,[61] and recent studies have started to elucidate how the
activity of these receptors can be controlled. In particular, the
cytoplasmic tail of LRP can be phosphorylated on serine and
tyrosine residues, which might influence the rate of endocytosis
and divert signaling. The linkage between LRP and signaling was
first provided by showing an association with a stimulatory
heterotrimeric G-protein and activation of downstream cyclic
adenosine monophosphate (cAMP) dependent protein kinase A
(PKA) dependent pathways.[62] Work by Bu and colleagues has
shown that phosphorylation on serine residues within LRP is
mediated by PKA. More specifically, they have identified serine
residue 76 within the cytoplasmic tail as the predominant
phosphorylation site.[63] Tyrosine phosphorylation of the LRP tail
by the Src kinase was first described by Barnes et al.[64] They
further demonstrated that the phosphorylated LRP tail asso-
ciates with the adaptor protein Shc, which in turn becomes
highly phosphorylated, findings that support the proposal of a
role for LRP in Src signaling.


Recently, two papers reported that platelet-derived growth
factor (PDGF) is able rapidly and transiently to induce tyrosine
phosphorylation of the intracellular part of LRP, and a mecha-
nism involving the PDGF receptor as a coreceptor responsible for
bridging to members of the Src kinase family and for subsequent
phosphorylation events was suggested.[65, 66] Interestingly, only
PDGF, not other closely related growth factors like EGF, basic-
fibroblast growth factor, and insulin-like growth factor, is capable
of LRP-mediated signaling initiation.[65] It will be of importance to
establish whether additional growth factors also involve LRP to
transduce signals, as well as to investigate whether the other
members of the LDLR family play similar roles for other growth
factors. Some examples thus far include reports of binding to
LRP by connective-tissue growth factor[67] and midkine.[68] The
latter is targeted to the nucleus by an LRP-dependent pathway
after direct interaction with LRP at the cell surface. One possible
mechanism for the nuclear translocation might involve process-
ing of LRP that results in liberation of only the tail (see below).[69]


Another level of functional regulation by growth factors may
rely on the induction of rapid increases in functional cell surface
receptors. Indeed, nerve growth factor has been reported to
induce an increase of LRP.[70]
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Proteolytic processing and ectodomain shedding of the LDLR
family


In recent years, it has become evident that many membrane-
bound receptors have soluble counterparts. These are generated
by a number of different mechanisms, for example, alternative
splicing, expression from two related genes, or proteolytic
release from the plasma membrane.


Soluble counterparts of receptors of the LDLR family have also
been observed. Accordingly, megalin fragments have been
identified in culture media of a rat yolk sac carcinoma cell line
(L2) and immortalized rat proximal tubule cells and also in
urine.[71] However, no further characterization of the fragments
or possible mechanism for their release has been provided.


Recently, a splice variant of apoER2 containing a furin
recognition site in the extracellular domain close to the trans-
membrane region has been described (see Figure 1). The
receptor variant is proteolytically processed in the trans-Golgi
network. The two parts generated by the cleavage do not
interact and a fragment comprising the CR cluster of apoER2 is
released. This apoER2 fragment binds ligands with unchanged
affinity and is speculated to function as a dominant-negative
receptor in signal transduction.[72]


LRP and its closest relative LRP1b also contain furin cleavage
sites in the plasma-membrane-proximal position of their extra-
cellular domains.[73] However, contrary to the situation with
apoER2, the two chains of LRP resulting from furin processing
remain noncovalently attached. Nevertheless, a soluble LRP
fragment comprising most of the luminal domain has been
identified in human plasma.[74, 75] The receptor fragment is
generated by proteolytic cleavage close to the cell membrane,
possibly by a metalloproteinase.[69, 75] The sequential processing
of LRP (furin cleavage, metalloproteinase-mediated shedding of
the extracellular domain) and the ability of the cytoplasmic
domain to interact with adaptor proteins are similar to the
mechanisms involved in the processing of APP. These observa-
tions prompted Herz and co-workers to investigate if LRP is also
subject to intramembranous or cytoplasmic cleavage.[69] Indeed,
they found that the cytoplasmic tail could be released by a
cleavage mechanism that may engage �-secretases (also in-
volved in APP processing), and the cytoplasmic tail is subse-
quently able to translocate to the nucleus (Figure 6). Phorbol
esters, known to increase expression of certain metalloprotei-
nases, enhance release of the LRP tail in cell lines, a fact
indicating that shedding is necessary for intramembraneous/
cytoplasmic processing. Tail processing does not appear to be
influenced by the presence or absence of ligands.[69] The function
of the released cytoplasmic fragment is not known at present,
but its ability to translocate to the nucleus suggests a direct role
for LRP in transcriptional regulation.


5. Perspectives


The essential role of these proteins in the control of several
developmental and physiological processes, as well as their
involvement in many pathological events including cancer,
atherosclerosis, and Alzheimer's disease, makes them attractive


Figure 6. Ectodomain shedding and processing of LRP. LRP is processed by furin
in the trans-Golgi network but the two resulting chains remain noncovalently
associated. After reaching the cell surface, LRP can be further processed at a
membrane-proximal position. The cleavage, probably carried out by a metal-
loproteinase, results in release of the luminal domain. Subsequently, the
cytoplasmic domain may be released by �-secretase-like activity and the LRP tail
can translocate to the nucleus.


drug targets. Knowledge of the molecular basis for ligand
recognition and an appreciation of the many functions of these
receptors will be key determinants for the development of drugs
targeted at members of the LDLR family. In particular, focus
could be put on the design of specific inhibitors of the
interaction between receptors and ligands. For example, if
receptor-mediated endocytosis is a general pathway for steroid
hormones to be regulated and to enter target tissues, instead of
using a nonselective steroid antagonist, the alternative would be
to design a compound selectively antagonizing receptor-medi-
ated uptake of carrier-bound steroids; this approach may be
more efficient or cause fewer side effects.
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Abbreviations


�2M �2-macroglobulin
AD Alzheimer's disease
AP-2 adaptor protein 2
ApoER2 apoE receptor 2
APP amyloid precursor protein
ARH autosomal recessive hypercholesterolemia protein
cAMP cyclic adenosine monophosphate
CR complement-type repeat
Dab disabled protein
DBP vitamin D binding protein
EGF epidermal growth factor
Fz frizzled protein
JNK c-Jun N-terminal kinase
JIP JNK-interacting protein
LDLR low-density lipoprotein receptor
LEF lymphoid enhancer factor
LRP low-density lipoprotein receptor related protein
MegBP megalin-binding protein
PDGF platelet-derived growth factor
PKA cAMP-dependent protein kinase A
PTB phosphotyrosine binding
PTH parathyroid hormone
RAP receptor-associated protein
TCF T cell factor
VLDLR very low density lipoprotein receptor


Keywords: Alzheimer's disease ¥ low-density lipoprotein recep-
tor ¥ membrane proteins ¥ signal transduction ¥ steroid
metabolism
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In their studies of biological systems,
molecular biologists or chemists often
encounter the challenge of covalently
linking two molecular entities, for exam-
ple, fusing two proteins together, linking a
complex carbohydrate with a peptide, or
attaching a small molecular probe (fluo-
rescent dye, radical probe, affinity tag,
etc.) onto a biopolymer. As biological
systems are rich in structural complexity
and diverse in functional reactivity, one
has to find chemoselective ligation reac-
tions that allow the coupling of two
mutually and uniquely reactive functional
groups, in most cases in an aqueous
environment under physiological condi-
tions. These uniquely reactive functional
groups should be selective for each other
and also tolerate a diverse array of other
functionality, which renders the use of
protecting groups unneccesary and, in
the ideal case, allows application of the
molecules in the complex environment of
a living cell.
While several bioconjugation techni-


ques are available for the in vitro prepa-
ration of bioconjugates exhibiting a lim-
ited set of functional groups,[1] truly
chemoselective ligation reactions are
rather limited. One reason for this prob-
lem is that most ligation reactions rely on
the reaction of an electrophile with a
nucleophile. As biological systems are rich
in diverse electrophilic and nucleophilic
sites, only a few functional groups are
available that exhibit reactivity orthogo-
nal to other functional groups existing


within the system.[2] Recently, two reac-
tions have been introduced that use the
azide moiety as a functional group and
offer two advantages: 1) the azide moiety
is absent in almost all natural exisiting
compounds and 2) despite a high intrinsic
reactivity, azides allow selective ligation
with a very limited set of reaction part-
ners. Bertozzi et al. have redesigned the
long-known Staudinger reaction between
azides and phosphines so that the highly
reactive aza-phosphor-ylide intermediate
can undergo a follow-up reaction with
cleverly positioned substituents on the
phosphine to form a thermodynamically
stable amide bond. The usefulness and
the generality of this approach has been


highlighted by the metabolic engineering
of cell surfaces.[3]


Sharpless et al. realized that even high-
er functional group compatibility could
be achieved if one could surpass the
limitations imposed by electrophile ± nu-
cleophile reactions and turn instead to
electrocylic reactions. The Huisgen 1,3-
dipolar cycloaddition of azides and acet-
ylenes to give 1,2,3-triazoles was identi-
fied as an interesting candidate for such
an approach. This water-tolerant reaction
is thermodynamically favorable by ap-
proximately 30 ± 35 kcalmol�1.
The groups of Sharpless and Finn


applied the azide ± alkyne coupling in
the parallel synthesis of a highly active
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Scheme 1. Template-guided synthesis of the highly active AChE inhibitor 1 by azide-alkyne coupling. a) AchE
(0.03 equiv), pH 7.4 buffer, RT, 49 parallel reactions.
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inhibitor of the enzyme acetylcholinester-
ase (AchE).[4] Unlike the conventional
approach in which a diverse set of
chemical compounds is first synthesized
and subsequently screened against the
biological target in question, the strategy
chosen by Sharpless and Finn involves a
biological target that should literally
guide the inhibitor synthesis by serving
as a template for the assembly of building
blocks. Complementary pairs of a selec-
tion of site-specific inhibitors based on
tacrine and phenanthridinium motifs dec-
orated with alkyl azides and alkyl acetyl-
enes of varying chain lengths were incu-
bated in the presence of Electrophorus
AChE at room temperature (Scheme 1).
The rate of reaction under these condi-
tions in the absence of enzyme is negli-
gible, so detectable amounts of triazole
products should form only when the
azide and alkyne are brought together
by the enzyme enforcing propinquity and
proper alignment of the reactants. Of 49
reactions, only one combination led to a
detectable amount of coupled product.
This substance (1) turned out to be the
most potent noncovalent AChE inhibitor
known, with Kd values ranging from 77 fM
(AChE from Torpedo californica) to 410 fM
(mouse Ache).
However, the low intrinsic reaction rate


of the azide ± alkyne coupling–key for
the experiment described above–has to
be dramatically increased to make this
reaction attractive as a general bioconju-
gation technique. As increasing the reac-
tion temperature is not an option because
of the sensitivity of biological material to
heat, a catalyst has to be identified that
accelerates the reaction. The groups of
Sharpless and Meldal have independently
found out that catalytic amounts of Cu(I)
salts not only dramatically increase the
reaction rate, but also improve the regio-
selectivity to deliver exclusively the 1,4-
disubstituted product (Scheme 2).[5] There
are several Cu(I) sources available, but in
situ reduction of inexpensive and air-
stable CuSO4 ¥ 5H2O by treatment with
sodium ascorbate, phosphines (e.g. wa-
ter-soluble tris(carboxethyl)phosphine
(TCEP)), or a simple piece of copper wire
turns out to be the method of choice.
Addition of a tris(triazolyl)amine ligand (2)
enhances the reaction rate greatly and
inhibits oxidative alkyne coupling.[6]


The Cu(I)-catalyzed reaction has been
applied to solid-phase preparation of
peptidotriazoles,[5b] fabrication of carbo-
hydrate arrays,[7] and preparation of multi-
valent neoglycoconjugates.[8] In these re-
actions the Cu(I)-catalyzed azide ± alkyne
coupling proved to be compatible with
the following functional groups: thioeth-
ers, carboxylic acids, esters, amides,
ethers, thiols, alcohols, phenols, amines,
guanidines, and carbamates.


An intriguing demonstration of the
power of this chemoselective ligation
reaction has been reported recently by
Fokin, Sharpless, Finn et al.[6] They have
succeeded in labeling all 60 identical
protein units of the capsid of the cowpea
mosaic virus (CPMV) with fluorescein
(Scheme 3). The azide moiety was attach-
ed to either the NH2 or the SH function of
the virus capsid using conventional bio-
conjugation techniques.


Scheme 2. Catalytic cycle of the Cu(I)-catalyzed azide ± alkyne coupling.


Scheme 3. Global labeling of CPMV virus with fluorescein dyes through Cu(I)-catalyzed azide ± alkyne coupling
(the shown shape of the virus is different from its real shape). a) Phosphate buffer/5% tBuOH, pH 8, 16 h, 4 �C.
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Recently, Cravatt et al. have applied the
Cu(I)-catalyzed azide ± alkyne [3�2] cyclo-
addition to the activity-based profiling of
proteins (ABPP).[9] ABPP is a rather new
postgenomic method in which affinity
labels are used to profile proteins on the
basis of their function in biological sys-
tems; this technique differs fundamental-
ly from the conventional abundance-
based methods of proteomics.[10] Whereas
the commonly used reporter groups in
ABPP (fluorophores, biotin, etc.) are quite
bulky, which may inhibit cellular uptake
and influence probe distribution within
the cell, the newly designed azide deriv-
ative is sterically inconspicuous. Enzmyes
containing a nucleophilic site were incu-
bated with the azide-derivatized phenyl
sulfonate ester 3 in phosphate buffer at
pH 8 for 30 min (Scheme 4). The modified
proteins were reacted with a Rhodamine-
alkyne tag 4 for 1 h in the usual reaction
cocktail (Scheme 4). The proteins were
separated from excess reagents by cen-
trifugation and analyzed by SDS-PAGE
and in-gel fluorescence scanning. By us-


ing this approach Cravatt et al. were able
to probe gluatathione S-transferase activ-
ity not only in cell lysates, but also in living
cells and mouse tissue proteomes. Most
exciting is their proof-of-concept experi-
ment showing that ABPP with the azide
probe 3 also works in vivo: Mice were
injected with up to 20 mgkg�1 3, sacri-
ficed after 1 h, and the homogenized
heart tissued reacted with 4. Fluorescence
analysis delivered a clear signal indicating
the presence of enoyl CoA hydratase,
which was a target of the probe.
The examples described above have


demonstrated that the recently intro-
duced azide ± alkyne coupling has be-
come a powerful coupling method for
chemoselective ligation. Although the
reactivity of the participating reactive
groups is almost perfectly orthogonal to
those of the diverse functional groups in
biological systems (only reduction of the
azide group by free thiol groups has to be
feared), this reaction still does not provide
a final solution. The requirement of Cu(I)
catalysis and some ancillary ligands to


achieve reasonable reaction times impos-
es a severe limitation on in vivo use as
such additional reagents have to be
introduced into the biological system,
where at least one–namely Cu–exhibits
considerable cell toxicity. So far, this
coupling reaction has not been per-
formed in the environment of an intact
cell, but only with cell lysates containing
one reaction component. Nevertheless
this conjugation strategy represents an
important milestone on the way to the
perfect ligation strategy.


Keywords: alkynes ¥ azides ¥ bioconju-
gates ¥ bioorganic chemistry ¥ chemical
biology
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Scheme 4. Activity-based protein profiling using the sterically inconspicuous azide probe 3. a) Phosphate
buffer, pH 8, 30 min, RT; b) phosphate buffer/5% tBuOH, pH 8, 1 h, RT.
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4-Fluorophenylglycine as a Label for 19F NMR
Structure Analysis of Membrane-Associated
Peptides
Sergii Afonin,[a] Ralf W. Glaser,[b] Marina Berditchevskaia,[c] Parvesh Wadhwani,[a]


Karl-Heinz G¸hrs,[d] Ute Mˆllmann,[e] Andrea Perner,[e] and Anne S. Ulrich*[a, c]


The non-natural amino acid 4-fluorophenylglycine (4F-Phg) was
incorporated into several representative membrane-associated
peptides for dual purpose. The 19F-substituted ring is directly
attached to the peptide backbone, so it not only provides a well-
defined label for highly sensitive 19F NMR studies but, in addition,
the D and L enantiomers of the stiff side chain may serve as reporter
groups on the transient peptide conformation during the biological
function. Besides peptide synthesis, which is accompanied by
racemisation of 4F-Phg, we also describe separation of the epimers
by HPLC and removal of trifluoroacetic acid. As a first example, 18
different analogues of the fusogenic peptide ™B18∫ were prepared
and tested for induction of vesicle fusion; the results confirmed that
hydrophobic sites tolerated 4F-Phg labelling. Similar fusion
activities within each pair of epimers suggest that the peptide is
less structured in the fusogenic transition state than in the helical
ground state. In a second example, five doubly labelled analogues


of the antimicrobial peptide gramicidin S were compared by using
bacterial growth inhibition assays. This cyclic �-sheet peptide could
accommodate both L and D substituents on its hydrophobic face. As
a third example, we tested six analogues of the antimicrobial
peptide PGLa. The presence of D-4F-Phg reduced the biological
activity of the peptide by interfering with its amphiphilic �-helical
fold. Finally, to illustrate the numerous uses of L-4F-Phg in 19F NMR
spectroscopy, we characterised the interaction of labelled PGLa
with uncharged and negatively charged membranes. Observing
the signal of the free peptide in an aqueous suspension of
unilamellar vesicles, we found a linear saturation behaviour that
was dominated by electrostatic attraction of the cationic PGLa.
Once the peptide is bound to the membrane, however, solid-state
19F NMR spectroscopy of macroscopically oriented samples re-
vealed that the charge density has virtually no further influence on
the structure, alignment or mobility of the peptide.


Introduction


Protein ± lipid interactions are of fundamental relevance to
cellular processes occurring at the plasma membrane and
organelles. For example, antimicrobial peptides are used by
many organisms as a first-line defence, as they are able to
permeabilise the membranes of invading bacteria.[1] Fusogenic
peptides represent the minimal membrane-perturbing part of
various proteins that are involved in inter- and intracellular
fusion processes.[2] Many different amphiphilic peptides and
proteins interact permanently or reversibly with membranes, to
operate as ion channels, transporters, toxins, enzymes, etc. As a
functional picture of these systems is beginning to emerge, new
experimental strategies are needed to study the structure and
dynamics of peptides when they are bound to the lipid bilayer.
Fluorescence and electron paramagnetic resonance spectros-


copy are sensitive methods commonly used to characterise
peptides in membranes. In many cases, however, bulky labels
have to be incorporated, which may affect the peptide ± lipid
interactions studied. Depending on the mode of attachment, a
flexible reporter group may not reflect the behaviour of the
labelled molecule that well. Nonperturbing methods, such as
solid-state NMR spectroscopy with selective 2H, 13C or 15N labels,


on the other hand, are highly informative but are not very
sensitive as they require comparatively large amounts of
material.[3] Protons are, of course, the most sensitive reporters,
but in view of their natural abundance it is not yet feasible to
investigate membrane-bound peptides by solid-state 1H NMR
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spectroscopy. Hence, a good compromise for studying peptide ±
lipid interactions is offered by 19F NMR spectroscopy, for which
suitable fluorine labels need to be selectively incorporated. The
sensitivity of the 19F nucleus is nearly as high as that of the
proton, and there is no natural background. The strong dipolar
couplings of the 19F nucleus provide intra- or intermolecular
distances in solids of up to 12 ä, and the large chemical shift
anisotropy is very useful for analysing molecular orientations.[4]


When a single proton is replaced by a 19F atom, the structural
implications are expected to be small.[5] Fluorine NMR labels
have been successfully used to study peptides and proteins both
in solution and in the membrane-bound state.[6] 19F NMR
spectroscopy has also been applied to characterise the binding
of fluorine-containing drugs and anaesthetics to lipid mem-
branes.[4a, 7]


The non-natural amino acid 4-fluorophenylglycine (4F-Phg) is
explored here as a label for 19F NMR studies of membrane-
associated peptides. The advantage of 4F-Phg over any of the
commonly used fluorinated amino acids lies in the stiff
connection of the para-fluoro substituent to the peptide
backbone. In all natural amino acids with a proton replaced by
a fluorine atom (such as Phe, Trp, Tyr or Leu) the position of the
label with respect to the peptide backbone would depend on
the side-chain conformation, which is not usually known in
membrane peptides. The special side-chain architecture of 4F-
Phg recently enabled us to deduce the backbone conformation
of membrane-bound gramicidin S from the intramolecular 19F ±
19F dipolar coupling between two 4F-Phg reporter groups.[6b] The
same study also enabled us to determine the alignment and
mobility of the entire peptide in the lipid bilayer. Even though
4F-Phg is not a common building block in biology, phenylglycine
and its derivatives have found numerous applications as
components of semisynthetic antibiotics, artificial sweeteners,
enzyme inhibitors and immobile phases for chiral chromatog-
raphy, amongst others.[8] Phenylglycine is even part of some
natural antibiotics, like pristinamycin I and virginiamycin S.[9] The
aromatic � branch in phenylglycine may favour a different
preferential conformation in the protein backbone compared to
any standard amino acid. Computer modelling studies have
shown that its global energy minimum corresponds to a nearly
extended �-strand conformation, while a right-handed � helix is
less stable by about 1.3 kcalmol�1.[10] Nevertheless, the available
conformational space is almost as large as for alanine, and hence,
L-4F-Phg promises to be a relatively nonperturbing side chain.
When the D enantiomer is incorporated into a protein, on the
other hand, we expect that any intrinsic steric effects will be
enhanced due to the stiffness of the bulky side chain.[11]


Here, we assess the conformational and functional conse-
quences of incorporating an L- or D-4F-Phg side chain into a
representative range of systems. Three types of membrane-
active peptides with distinctly different structures were selected
whose biological functions have been well described in the past.
The first antimicrobial sequence, PGLa, shares characteristic
features with other cationic peptides from the magainin
family.[12] They are unfolded in aqueous solution but convert
into an amphiphilic � helix upon membrane binding (Figure 1,
bottom).[1, 13] The second type of antimicrobial peptide in-


Figure 1. Model structures of the cyclic �-sheet gramicidin S analogues GS-3/3�-LL


and GS-3/3�-LD, and of the �-helical PGLa analogues PGLa-10-L and PGLa-10-D.
Charged ornithine and lysine side chains as well as 4-fluorophenylglycine side
chains are shown in dark grey, and the fluorine atom is shown in black. The PGLa
structures were derived from an idealised �-helical conformation by simple
energy minimisation. The figure was produced with the MOLMOL[36] and POVRAY
programs.


vestigated here, gramicidin S, is also cationic and exhibits an
overall amphiphilic character, but this cyclic decapeptide forms
an antiparallel � sheet (Figure 1, top).[6b, 14] By comparing the
behaviour of the sterically constrained 4F-Phg side chain in these
two representative types of secondary structure, its compati-
bility with the peptide backbone is systematically evaluated. In
addition, we have included in this study a third kind of peptide,
B18, which is derived from a sea urchin sperm protein and
mediates fertilisation by triggering membrane fusion.[15] Like
most other fusogenic sequences, this peptide exhibits a
pronounced conformational plasticity in lipid membranes.[2, 16]


It is able to assume either an �-helical or an oligomeric �-sheet
structure, depending on the lipid environment and sample
history.[17] Only recently we resolved its helix ± turn ±helix
structure in the membrane-bound state by solid-state 19F NMR
analysis of the 4F-Phg-labelled analogues described here.[6d]


Altogether, we have introduced 4F-Phg into more than 30
analogues of the three peptides B18, gramicidin S and PGLa, in
order to study their respective conformations, membrane
interactions and biological activities. The analogues are listed
in Table 1, which specifies our nomenclature and the stereo-
chemistry of D- or L-4F-Phg at the substituted positions. The
results presented here summarise the general aspects of peptide
synthesis and purification, especially with regard to racemisation
of 4F-Phg. Structural studies as well as functional tests of the
antimicrobial or fusogenic activities are used to demonstrate
that 4F-Phg labels are well suited for structure analysis by
19F NMR spectroscopy. Finally, we have examined the role of
electrostatics on the lipid ±protein interactions of the antimicro-
bial peptide PGLa, in order to illustrate the various NMR
spectroscopy techniques that can be usefully applied to such
19F-labelled peptides.
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Results and Discussion


Racemisation of 4-fluorophenylglycine


It is well known that the aromatic side chain of phenylglycine
makes the �-carbon atom of this amino acid sufficiently acidic to
be readily deprotonated by any weak base used during
9-fluorenylmethoxycarbonyl (Fmoc) solid-phase peptide syn-
thesis. Besides favourable electron delocalisation, in 4F-Phg the
�-carbanion species is further stabilised by the presence of the
electronegative para-fluoro substituent. Racemisation via a
trigonal �-carbon intermediate is thus virtually inevitable when
L-4F-Phg is introduced into peptides by standard Fmoc chem-
istry. We tested several modifications of the protocol, as the
extent of racemisation is known to be influenced by the tertiary
base employed for coupling.[18] When 2,4,6-collidine was used in
combination with 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HBTU) to couple both 4F-Phg
and the subsequent amino acid, we managed to suppress
racemisation to about 15% by lowering the temperature to 0 �C
with a reaction time of 15 minutes. However, the coupling
efficiency was significantly reduced to about 60 ±70%, and
hence, the overall yield of the all-L peptide was not increased. We
also tested tetramethylfluoroformamidinium hexafluorophos-
phate (TFFH),[18, 19] bis-(tetramethylenefluoroformamidinium)
hexafluorophosphate (BTTFH)[19] and cyanuric fluoride[20] for
their ability to incorporate 4F-Phg into test peptides without
racemisation. Out of the many peptide-coupling reagents
described in the literature, we selected these three acid fluorides


because of their long shelf-life and rapid acting ability. In a
related project, TFFH in the presence of collidine provided
optimal conditions for incorporating 3-fluoroalanine (which
easily eliminates HF) into a test peptide. With 4F-Phg, however,
we were unable to achieve a satisfactory suppression of
racemisation.
Since racemisation could not be avoided, chromatographic


resolution of the two epimeric products containing L- and D-4F-
Phg was crucial. Fortunately, for all of our peptides synthesised
so far the retention times during reversed-phase HPLC were
sufficiently different to allow separation and purification of the
peptides in milligram amounts. Therefore, we used the inex-
pensive racemic mixture of D/L-4F-Phg for peptide synthesis and
did not pay any further attention to racemisation. In fact, the
™unwanted∫ epimer that is obtained as a byproduct (that is, the
peptide containing D-4F-Phg) proved to be highly useful for
comparative structural and functional studies, as discussed
below. There was no general rule with respect to the order in
which the epimers eluted from the reversed-phase HPLC
column.[11a, 21] In all PGLa samples and in B18-110 the D-4F-Phg
epimer eluted first, while in all other B18 samples the L-4F-Phg
epimer eluted first. In all gramicidin S analogues the order was
DD, DL, LL, according to increasing amphiphilicity.
The configuration of the 4F-Phg in each pair of epimers was


assigned by using Marfey's reagent after acid hydrolysis of the
peptide.[22] The reversed-phase HPLC profiles of the derivatised
amino acids exhibit distinct peaks for the two enantiomers of 4F-
Phg, as illustrated in Figure 2. During hydrolysis a partial


Figure 2. HPLC chromatograms monitored at 415 nm of D/L-4F-Phg and of the
two epimers of PGLa-13 after acid hydrolysis and derivatisation with Marfey's
reagent. The two purified PGLa analogues containing L- and D-4F-Phg can be
unambiguously assigned, despite partial racemisation during the derivatisation
procedure.


racemisation occurred again. For the two epimer fractions of any
singly substituted peptide we nevertheless obtained an un-
ambiguous and reproducible assignment, with a significant
excess of the L-4F-Phg derivative in one fraction or of the D-4F-Phg
derivative in the other. Only the doubly labelled gramicidin S
peptide yielded three major HPLC peaks of the correct molecular
weight that could not be unambiguously assigned by derivati-
sation with Marfey's reagent alone. In this case, high-resolution
19F NMR spectroscopy in methanol was used to identify the


Table 1. Wild-type peptides and their 4F-Phg-labelled analogues prepared for
this study.


Analogue name Label 4F-Phg conformation


B18: fusogenic peptide, highly conserved sequence of the sea urchin
fertilisation protein Bindin, numbered as in Strongylocentrotus purpuratus.
NH2-Leu103GlyLeu105Leu106Leu107ArgHisLeu110ArgHisHisSerAsnLeu116Leu117-


Ala118AsnIle120-COOH
B18-103 Leu103 to 4F-Phg L


[a]


B18-105 Leu105 to 4F-Phg L, D


B18-106 Leu106 to 4F-Phg L, D


B18-107 Leu107 to 4F-Phg L, D


B18-110 Leu110 to 4F-Phg L, D


B18-116 Leu116 to 4F-Phg L, D


B18-117 Leu117 to 4F-Phg L, D


B18-118 Ala118 to 4F-Phg L, D


B18-106/116 Leu106 and Leu116 to 4F-Phg LL, LD/DL, DD


PGLa: antimicrobial peptide from frog skin, identified in Xenopus laevis
NH2-GlyMetAlaSerLysAlaGlyAla8IleAla10GlyLysIle13AlaLysValAlaLeuLysAla-


Leu-CONH2


PGLa-8 Ala8 to 4F-Phg L, D


PGLa-10 Ala10 to 4F-Phg L, D


PGLa-13 Ile13 to 4F-Phg L, D


gramicidin S: antimicrobial cyclic peptide from Bacillus brevis
[Val1OrnLeu3D-PheProVal1�OrnLeu3�D-PhePro]cyclo


GS-1/1� Val1 and Val1� to 4F-Phg LL, LD, DD


GS-3/3� Leu3 and Leu3� to 4F-Phg LL, LD


[a] Single peak observed by HPLC, as the N-terminal 4F-Phg may not have
undergone racemisation.
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asymmetric DL stereoisomer by its two distinct NMR signals, in
contrast to the symmetric LL and DD stereoisomers, which gave a
single NMR signal each.
Once the epimerically pure peptides had been obtained, no


further racemisation could be detected under standard con-
ditions of sample preparation, storage and NMR measurements.
We reextracted four PGLa analogues and one gramicidin S
analogue from reconstituted membrane samples, which had
been incubated for 2 ± 8 days at 48 �C and had been exposed
during NMR experiments to temperatures of 15 ± 55 �C for up to
4 days. None of the peptides contained any significant amount
of the unwanted epimer. Even after storage for a year at 8 �C we
detected no chemical degradation for GS-3/3� in 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC). (No bacterial decay was
detected either as the peptide itself is an antibiotic.)


Removal of trifluoroacetic acid from the peptides


Trifluoroacetic acid (TFA) is commonly used to cleave peptides
from the resin and to enhance resolution in reversed-phase
HPLC. In synthetic peptides from various sources we always
detected significant amounts of TFA, in up to 5-fold molar
excess. TFA gives rise to a strong signal in 19F NMR spectra at
around ���75 ppm, which overlaps with the downfield edge
of the static chemical-shift anisotropy (CSA) tensor of the
4F-Phg label (about �11��62 ppm, �22��125 ppm, �33�
�154 ppm).[6b,d] This becomes less of a problem when the CSA
is narrowed down by fast motional averaging of the whole
peptide in the bilayer or of the 4F-Phg side chain around its
C��C� bond. Nonetheless, we were further concerned with
removing TFA from the samples, because we noticed several
signs of tight binding between TFA and the peptides. One of
these signs was the difficulty in removing TFA, as described
below, and another indication was the difference in the 19F NMR
signal of TFA in the absence and presence of peptide. Briefly, the
TFA signal in macroscopically oriented membranes in the fluid
phase is a triplet, resulting from the 19F dipolar interactions
within the aligned CF3 group.[4a] We prepared TFA-containing
samples in DMPC/1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (DMPG) without any peptide. Their spectra showed
contributions from several triplets with variable intensities,
depending on the temperature, charge and hydration of the
membrane. Under typical conditions, with the sample normal
aligned, parallel to the static magnetic field, the chemical shift
was between �69 and �73 ppm, and the dipolar coupling was
800 ±2000 Hz. TFA also gave rise to a triplet in the same range in
the presence of peptide, but with significantly different coupling
values and chemical shifts that depended on the type of peptide.
Interestingly, when added to DMPC in the gel phase, TFA gave a
single isotropic signal at ���75 ppm; hence, we conclude that
TFA gets expelled from the membrane when the acyl chains
rigidify.
Since the strong ion-pairing effect of TFA may modify the


interaction of amphiphilic peptides with the membrane, we took
care to replace TFA by less strongly bound anions such as Cl�,
even for the 1H NMR and circular dichroism experiments where
TFA is not usually considered to be a problem. The same


precautions are essential for FT-IR measurements, as the COO�


stretching vibration of TFA overlaps with the amide I band of the
peptides.[23] Several methods are commonly used to remove
residual TFA: 1) purification over ion-exchange resins, 2) vacuum
drying over P2O5 or 3) lyophilisation from solutions of other
volatile acids. We found that TFA could be removed on an
amberlite ion-exchange column, but the method suffered from
incomplete recovery of peptide. Vacuum drying over P2O5


removed excess free TFA but not the TFA� counterions bound
to the cationic peptides. Repeated lyophilisation from dilute HCl
or acetic acid solutions reduced the content of TFA, but it was
still detectable after 3 cycles (each with a 100-fold molar excess
of acetic acid over peptide). Therefore, we optimised the
reversed-phase HPLC peptide purification protocol by using
solvents with different ion-pairing agents, like hydrochloric,
formic or phosphoric acid. We recommend this as the most
efficient technique to remove TFA. With 5 mM HCl in the aqueous
phase of the HPLC gradient, a peak separation is achieved
comparable to 0.1% TFA. Note that HCl must not be added to
the organic phase because mixtures of HCl with acetonitrile or
methanol are very corrosive. Special precautions should also be
taken when lyophilising the HPLC fractions to prevent con-
densation of HCl in the pump. (See Experimental Section for
details.)


UV absorption of the aromatic 4F-Phg side chain


Purified peptides are difficult to handle after lyophilisation
because of electrostatic problems, and in addition they may
contain unknown amounts of water and salt. Therefore, peptide
concentrations were determined from the UVabsorption of their
aromatic side chains. When incorporated into a protein, 4F-Phg
shows a maximum absorption at around 263 nm, as illustrated in
Figure 3. The free amino acid cannot be used for calibration


Figure 3. UV spectrum of PGLa-10-L in aqueous buffer. The aromatic region of
the 4F-Phg side chain is shown. The spectrum is scaled to display directly the
molar absorption coefficient �.


because its molar absorption coefficient depends strongly on
the protonation state. Absorption of free 4F-Phg increases from
350M�1 cm�1 at acidic pH to 660M�1 cm�1 at alkaline pH, and the
peak shifts by about 4 nm to a higher wavelength. To calibrate
the molar absorption coefficient of 4F-Phg within a peptide, we
first determined the peptide concentration in D2O by integrating
selected 1H NMR signals, which were in turn calibrated against
solutions of organic molecules of known concentration. The
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molar absorption coefficient of 4F-Phg in the peptides at 263 nm
was thus determined to be 473� 13M�1 cm�1. There were no
significant differences between the absorption coefficients in
different types of peptides or between the analogues containing
4F-Phg in different positions.


The effect of 4-fluorophenylglycine on helical structure


To evaluate the suitability of the 4F-Phg side chain as a label to
study the orientation and dynamics of peptides in a membrane
environment we checked whether the replacement of a hydro-
phobic amino acid with 4F-Phg changed the structure or the
function of the peptides. The secondary structure of the PGLa
analogues was studied by circular dichroism (CD) spectroscopy
in the presence of lipid vesicles or 30% trifluoroethanol (TFE) and
was compared with wild-type PGLa (data not shown). The CD
line shapes of all these peptides were very similar and showed a
high content of �-helical structure. The D-4F-Phg analogues
exhibited, on average, a signal that was about 10% less negative
at 222 nm than the signals of those analogues labelled with L-4F-
Phg, a result which indicates a slightly lower degree of � helix.
The CD measurements are not sensitive enough to detect


local changes in the structure that affect only one or two
residues. Therefore we studied three of the peptides (wild-type
PGLa, PGLa-10-L and PGLa-10-D) with two-dimensional 1H ± 1H
high-resolution NMR spectroscopy in 30% TFE. We did not
attempt to determine the complete structure of the PGLa
peptides from distance constraints because there are no long-
range NOE cross-peaks and the peptides appear to be quite
flexible. As we had shown in the case of B18,[17a] under such
conditions the structure calculation strongly depends on
individual distance constraints that can or cannot be resolved
from overlapping resonances in the NOESY spectra, and it is
difficult to judge whether small variations in the resulting
structures are significant. A comparison of the individual NOE
intensities (not shown) and the chemical shifts (Figure 4) shows
that all three peptides form an � helix that is well defined in the
C-terminal region and less defined in the N-terminal part, as had


Figure 4. Chemical shift difference �� of the H� protons of wild-type PGLa and
its analogues with L- and D-4F-Phg in the position of Ala10, relative to the
™random coil∫ chemical shift of the respective amino acid in a GGXGG peptide.
Negative values (upfield shifts) indicate �-helical structure.[41]


been found for wild-type PGLa in dodecyl phosphocholine
micelles.[12] Neither L- nor D-4F-Phg break the �-helical structure;
this is indicated by changes in the NOE intensity being small for
HAi�HNi�3 and other cross-peaks that characterise helical
structure in the environment of the 4F-Phg label.
The 1H chemical shifts and NOE cross-peak intensities also


provide information about side-chain dynamics. We observe
only one sharp J-coupling pattern each for the H� and the H�


protons of the aromatic 4F-Phg ring, which indicates a fast ring
flip on the NMR timescale. In PGLa-10-L the NOE cross-peaks
between the aromatic ring protons and the Ile13 side chain and
towards the Gly7 and Gly11 H� protons are stronger than in
PGLa-10-D, where the NOE interactions to the Ile9 side chain are
stronger. This pattern is in good qualitative agreement with the
structural model shown in Figure 1. The chemical shifts of the
side-chain protons in the environment of the 4F-Phg label are
also in agreement with this model, although the differences with
respect to the wild-type peptide are only about one third of the
ring-current shifts expected for a static phenylalanine ring
(Table 2). We think that the ring-current effects of Phe and 4F-


Phg are quite similar and that
the smaller shifts are mainly due
to a high flexibility of the side
chain. These data together indi-
cate that the incorporation of L-
4F-Phg does not significantly
disturb an �-helical peptide se-
quence, while D-4F-Phg incorpo-
ration requires some structural
adaptation and slightly destabil-
ises the � helix, but does not act
as a strong �-helix breaker.


Fusion activities of the B18
peptide analogues containing
4F-Phg


In the fusogenic peptide B18 we
substituted each hydrophobic


Table 2. Selected chemical shifts of wild-type PGLa and its analogues with L- and D-4F-Phg in the position of Ala10.[a]


Measured 1H chemical shift of PGLa analogues [ppm] Predicted 4F-Phg ring-current shift[b] [ppm]
wild-type PGLa-10-L PGLa-10-D PGLa-10-L PGLa-10-D


Ala6 H� 4.14 3.99 4.18 �0.21 0.10
Gly7 H� 3.91 3.42/3.74 3.80/3.90 �1.14/� 0.23 0.04/0.06
Ala8 H� 4.28 4.28 4.36 0.03 0.06
Ile9 H� 3.83 3.97 4.11 0.04 �0.01
Gly11 H� 3.90 4.00 3.95/4.02 0.14/0.15 0.13/0.08
Lys12 H� 4.19 4.20 4.15 0.05 �0.03
Ile13 HN 8.26 8.12 7.85 0.12 �0.32
Ile13 H� 3.73 3.76 3.84 0.04 �0.24
Ile13 H� 1.97 1.98 1.52 0.11 �1.64
Ile13 H�1 1.77/1.19 1.84/1.21 1.41/1.24 0.05/0.09 �0.41/� 0.62
Ile13 Q�1 0.85 0.92 0.76 0.10 �0.95
Ile13 Q�2 0.93 0.92 0.77 0.02 �0.28
Ala14 H� 4.08 4.01 3.99 �0.05 0.07
Ala14 Q� 1.53 1.46 1.42 �0.07 0.10


[a] Measured in 30% TFE. The protons are not stereospecifically assigned. [b] The ring-current shifts calculated for
the energy-minimised structures shown in Figure 1.
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position–one at a time–with 4F-Phg and thus targeted Leu
seven times and Ala once. (One L- and one D-4F-Phg-containing
analogue was usually produced in each case.) In an additional
sequence, two Leu residues (106 and 116) were substituted with
4F-Phg simultaneously. The functional activity of the 18 purified
peptide analogues (singly and doubly labelled stereoisomers,
see Figure 5) was tested with a fluorescence dequenching assay,


Figure 5. Fusogenic activity of the B18 analogues compared with the wild-type
peptide, monitored by a fluorescence dequenching assay. Statistically significant
deviations from the activity of wild-type B18 are labelled * for �5% and ** for
�0.5% significance level according to a two-tailed Student's t-test.


which quantifies the peptide-induced fusion of large unilamellar
lipid vesicles.[15b] For comparison, we also tested five additional
B18 analogues in which a single hydrophilic amino acid had each
been conservatively substituted (3�His�Ser and 2�
Arg�Lys). The results are summarised in Figure 5.
All peptide analogues in which hydrophobic amino acids were


replaced by 4F-Phg retained the fusogenic activity of B18.
Substitutions in the centre of the peptide did not affect the rate
of fusion significantly, while 4F-Phg near the N or C terminus
even increased the activity. In contrast, any of the seemingly
conservative replacements of His�Ser or Arg�Lys virtually
abolished fusion. 19F-labelling at the hydrophobic sites is thus
tolerated by the peptide, whereas the polar side chains appear
to play more specific functional roles in B18.[15, 23] Having thus
verified the functional integrity of the whole set of 4F-Phg-
labelled peptides, we recently used solid-state 19F NMR spectro-
scopy to determine the membrane-bound structure of the B18
sequence after fusion; this showed a ™boomerang∫-like immer-
sion of the helix ± turn ±helix structure in the lipid bilayer.[6d]


Remarkably, in Figure 5 there are no significant or systematic
differences in the fusion activities within any pair of epimeric
peptides containing L- and D-4F-Phg. This observation allows a


novel conclusion about the functional mechanism of peptide-
induced fusion, namely that B18 must be rather unstructured
and flexible at the moment of action. If the transition state had
to assume either the well-defined �-helical or the self-aggre-
gated �-sheet conformation described for B18 under equilibrium
conditions, different fusion rates would have been expected for
the D and L epimers due to their distinct steric preferences.[15b, 17]


Antimicrobial activities of the �-helical and �-sheet peptides


For comparative analysis we selected two representative anti-
microbial peptides with characteristically different secondary
structures, namely the �-helical peptide PGLa and the �-sheet
peptide gramicidin S. PGLa was labelled with a single 4F-Phg
substitution at three different positions in the central region of
the molecule (Ala8, Ala10 and Ile13). Within the putative
amphiphilic � helix, Ile13 and Ala10 are part of the hydrophobic
surface while Ala8 lies within a partially polar region (Figure 1).
The cyclic peptide gramicidin S was doubly labelled with 4F-Phg,
such that the two substituents symmetrically replace either both
Val or both Leu residues on the hydrophobic face of the
amphiphilic molecule (Figure 1). To test the biological functions
of the substituted PGLa and gramicidin S peptides, we examined
the inhibition of bacterial growth by using two different
protocols.
By means of an agar diffusion assay,[24] the antimicrobial


activities of the peptides were monitored against different
species and strains of Gram-positive and Gram-negative bacteria,
as summarised in Figure 6. These semiquantitative results were
substantiated quantitatively by determining the minimum
inhibitory concentration (MIC) values[25] against Escherichia coli
and Staphylococcus aureus ; the results are listed in Table 3.
Between the MIC values and the radius of inhibition in the agar
diffusion tests, we found a correlation coefficient of 0.9, which
confers a high confidence to the agar diffusion tests. When
interpreting the inhibition experiments, it is important to take
into account the ratio between the free peptide in the bacterial
suspension and the peptide bound to or taken up by the
bacteria. We systematically varied this ratio and determined the
MIC values of wild-type gramicidin S and PGLa with an initial
inoculum of E. coli of 5� 103, 5�104 and 5� 105 colony-forming
units (CFU)mL�1 and of S. aureus of 5�104, 5� 105 and 5�106


CFUmL�1. The resulting MIC values differed by less than one step
of dilution, which corresponds to a factor of two (data not
shown). This proves that the amount of peptide consumed by
the bacteria is small, and hence, the MIC data truly reflect the
free concentration of peptide necessary to inhibit bacterial
growth as discussed below.
For both PGLa and gramicidin S it is seen that the 4F-Phg-


labelled analogues exhibit a pattern of activity against the widely
differing strains of bacteria which is very similar to that exhibited
by the respective wild-type peptides. This qualitative corre-
spondence confirms that 4F-Phg substitution does not affect the
fundamental mechanism of antimicrobial action. Quantitatively,
however, some interesting variations are apparent. While the
activities of the PGLa analogues containing L-4F-Phg do not differ
much from the wild-type peptide, the D-4F-Phg epimers are
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consistently less active. This finding agrees well with the
expectation that the rigid side chain of the D enantiomer would
cause steric interference in a straight � helix,[11, 12, 21, 26] as
discussed above.
The reduced antimicrobial activities of the D-4F-Phg-labelled


PGLa analogues are thus attributed to their slightly lower
tendency to form an � helix upon membrane binding. Previous
studies of a similar antimicrobial peptide have reported a similar
effect when two consecutive amino acids were substituted by


their D enantiomers.[11b, 27] It appears reasonable that
the steric consequences of the stiff �-branched D-4F-
Phg should be more pronounced than for any D


enantiomer of a natural amino acid (other than Pro).
All-D analogues of magainin, a related antimicrobial
peptide, showed the same antimicrobial activity as the
natural all-L peptide.[28] It was concluded that the
peptides act directly on the lipid membrane and do
not require a receptor protein. This supports the
interpretation that the influence of D-4F-Phg on the
antibacterial action by D-4F-Phg results from the
modified overall physico-chemical properties and not
from the disturbance of a receptor interaction.
For most of the doubly labelled analogues of


gramicidin S, the MIC values in Table 3 reflect some-
what decreased activities, by up to two titration steps
compared to the wild-type peptide. From a structural
point of view, the cyclic peptide should be able to
accommodate both 4F-Phg enantiomers equally well
in its antiparallel �-sheet backbone. Figure 1 illustrates
that a D-amino acid in positions 1, 3, 1� or 3� (in our
nomenclature) will point sideways away from of the
hydrogen-bonded core. The CD spectra of our 4F-Phg
analogues are indeed very similar to that of the wild-
type peptide.[6b] In contrast, placing a D-amino acid at
positions 2 or 2� has been shown to disrupt the cyclic
hydrogen-bonded structure of gramicidin S.[14b,c] In our
series of peptides we had expected that the amphi-
philic character would be more disturbed by D-4F-Phg
than by L-4F-Phg and that this might show up in


differential activities. However, Figure 6 and Table 3 do not reveal
any systematic differences between the LL and DL epimers. Only
the DD stereoisomer was found to be inactive. It thus appears
that the peptide is just as sensitive towards the replacement of
two hydrophobic side chains as it is to their stereochemistry. The
reduced activity of the 4F-Phg-labelled peptides may be related
to their solubility in aqueous buffer, which was lower than that of
the wild-type peptide. Nevertheless, these data confirm that all
gramicidin S analogues operate by the same fundamental
antimicrobial mechanism, and hence, any structural or functional
insights from the labelled peptides will also apply to the wild-
type peptide.


Electrostatic interactions of PGLa with lipid bilayers


We will now describe several 19F NMR experiments that are
suitable for monitoring the lipid ±protein interactions of the 4F-
Phg-labelled peptides. As an example, we examine the role of
negatively charged lipids on the binding and immersion of PGLa
in model membranes. Like many other antimicrobial sequences,
PGLa carries multiple positive charges along one side of an
amphiphilic helix.[12, 13b] Electrostatic effects are assumed to play
an important role in the selective recognition of negatively
charged bacterial membranes; this mechanism provides a self-
protective discrimination against eukaryotic cell surfaces.[1, 27]


Nevertheless PGLa also binds to uncharged membranes, such
as erythrocytes, through its hydrophobic side chains, albeit


Figure 6. Antimicrobial activity of PGLa and gramicidin S analogues against a variety of
bacterial strains. The radius of the dot is proportional to the width of the inhibition zone
surrounding the hole in the agar plate (inhibition radius� radius of inhibition zone� radius
of hole) that was filled with a solution (100 �gmL�1) of the test peptide. w.t.�wild-type
peptide.


Table 3. Minimal inhibitory concentration (MIC) values of PGLa, gramicidin S,
and their 4F-Phg-substituted analogues.


Peptide MIC [mgL�1]
E. coli S. aureus
ATCC 25922 SG 511


wild-type PGLa 6 1.5
PGLa-8-L 6 1.5
PGLa-8-D 12 6
PGLa-10-L 3 1.5
PGLa-10-D 6 3
PGLa-13-L 6 3
PGLa-13-D 25 12


wild-type GS 3 0.8
GS-1/1�-LL 12 3
GS-1/1�-LD 12 1.5
GS-1/1�-DD �25 �12
GS-3/3�-LL 25 1.5
GS-3/3�-LD 12 1.5
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with a lower affinity. For example, the CD spectrum of the
peptide in aqueous solution changes towards a more �-helical
conformation in the presence of neutral DMPC vesicles (data
not shown). The actual role of negatively charged lipids for the
initial peptide binding and for further interactions with PGLa
and related antimicrobial peptides is not yet completely
understood.


19F NMR spectroscopy of fluorine-labelled peptides can con-
tribute in at least two ways to resolve this issue. First, solid-state
NMR spectroscopy of peptides in macroscopically oriented mem-
brane samples provides information about the alignment and
dynamics of the peptide in the membrane-bound state.[5b,6b±e]


This information is encoded in the anisotropic chemical shift,
linewidth and lineshape of the 19F NMR signal when an oriented
sample is measured at different tilt angles with respect to the
magnetic field. To examine the electrostatic effect of the
negatively charged lipid DMPG, we reconstituted the three L-


4F-Phg-labelled PGLa analogues in zwitterionic DMPC bilayers
with varying ratios of DMPG. The observed 19F NMR anisotropic
chemical shifts reflect the alignment of each labelled segment in
the membrane. The values collected in Table 4 obviously differ
for the three different labelled positions (Ala8, Ala10, Ile13).
Remarkably, the respective chemical shifts remained very similar
upon increasing the density of negative lipids in the membrane,
a result suggesting that the peptide does not change its


structure or alignment in response to the lipid head-group
charge. We also compared samples with other peptide:lipid
ratios and carried out controls with the epimers containing D-4F-
Phg. Within any of these sets of data the chemical shift
differences were hardly influenced by the ratio of DMPC:DMPG.
The biggest deviation of about 4 ppmwas observed for PGLa-10-
L (Figure 7). Differences in the same range were observed due to
variations in the peptide:lipid ratio in uncharged DMPC mem-
branes.[29]


At this point we shall not attempt to interpret the anisotropic
chemical shift data in terms of the molecular structure and
alignment in the membrane, as the necessary information about
the rotameric state and side-chain dynamics of L-4F-Phg in PGLa


Figure 7. Solid-state 19F NMR spectra of oriented membranes containing the
antimicrobial peptide PGLa-10-L. Three samples with different ratios of
DMPC:DMPG were measured with the membranes aligned either horizontally or
vertically in the magnetic field. Each sample contains 0.33 mg of peptide and
about 11 mg of phospholipid (peptide:lipid molar ratio� 1:100). Measurement
time was 1 ± 3 h per spectrum. is not yet fully available. Nevertheless, the results
presented here allow a number of conclusions:


1) The 19F NMR spectra consist of a single sharp peak, which
indicates a uniform population of orientational states of PGLa.
We cannot exclude, however, that PGLa might assume two or
more different orientations–for example, on a flat membrane
and in a pore–if those orientational states are in fast exchange
with rate constants�103 s�1, so that we observe only an
average signal in the NMR experiment.
2) In the liquid-crystalline phase of the membrane PGLa must
undergo fast rotation around the bilayer normal, because
otherwise we would have observed a broad lineshape for the
vertically tilted samples. This observation rules out the formation
of large oligomers, at least for peptide:lipid ratios below 1:50.
PGLa probably exists as a monomer or dimer under the
conditions studied, just like many other membrane-associated
peptides such as gramicidin S, B18, gramicidin A and proteg-
rin-1.[6, 30]


3) The alignment of PGLa is not much influenced upon increas-
ing the DMPG content from 0 to 40%, as otherwise we would
have observed a pronounced shift in at least one of the three 19F
labels.
In the above experiments with oriented membrane samples it


is clear that the partitioning of PGLa between the aqueous phase
and the lipid bilayer does not play any significant role. As there is
virtually no bulk phase of free water present in these (fully
hydrated) samples, even a peptide with a very low affinity will be
completely bound to the membrane. To gain more insight into
the partitioning equilibrium and how it is influenced by electro-
statics, we prepared a different set of samples containing
unilamellar lipid vesicles that are suspended in excess aqueous
solution. The binding of the 19F-labelled PGLa peptides to such
model membranes can thus be followed by solution-state
19F NMR spectroscopy, which provides information about some
thermodynamic and kinetic binding parameters. We monitored


Table 4. Anisotropic 19F NMR chemical shifts (in ppm) of PGLa analogues
labelled with L-4F-Phg, reconstituted in orientated DMPC membranes with
different ratios of negatively charged DMPG at a peptide:lipid molar ratio of
1:100. Membranes were aligned horizontally (H) or vertically (V) in the
magnetic field.[a]


PGLa-8-L PGLa-10-L PGLa-13-L
H V H V H V


1:100 DMPC �116.4 �110.4 �96.5 �121.4 �114.8 �114.9
1:80/20 DMPC/DMPG �117.4 �109.9 � 99.3 �120.3 �112.6 �115.8
1:60/40 DMPC/DMPG n.d.[b] n.d.[b] �100.8 �119.8 �113.9 �115.3
[a] Each of the 9 samples was measured at 35 �C. The chemical shift of a
sample can be measured with an accuracy of about 0.2 ppm, while
differences between individual samples of identical composition can be up
to 2 ppm.[29] [b] n.d.�not determined. The PGLa-8-L sample at 60/40
DMPC/DMPG showed broad NMR signals indicative of peptide aggregation.
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the 19F NMR signal of PGLa-10-L as a function of increasing
concentration of unilamellar DMPC/DMPG vesicles. When the
negatively charged lipid vesicles are added stepwise to the
sample tube, the integral of the 19F NMR signal progressively
decreases and finally disappears. This shows that by solution-
state NMR spectroscopy we observe only the free form of the
peptide. Any peptide bound to the vesicles gives rise to a signal
that is several orders of magnitude broader (up to 20 ppm,
corresponding to the chemical shift difference between the two
sample orientations shown in Figure 7) and cannot be distin-
guished from the baseline.
To characterise the binding quantitatively, we titrated a


concentrated PGLa-10-L stock solution into vesicle suspensions
of different DMPC:DMPG ratios (Figure 8). Within the accuracy of
our measurement we observed a fairly linear saturation behav-
iour, that is, all of the peptide was immediately captured by the
charged vesicles up to a certain limiting amount. Any sub-
sequently added peptide remained free in solution. If we wanted
to determine the binding constant, we would have to analyse
the exact curvature around the point of inflection, where the
concentration of free peptide is in the order of the binding
constant. However, this concentration range cannot be reliably
addressed in this system because of the intrinsically low
sensitivity of the NMR method. The MIC value of PGLa towards
susceptible bacteria is 3 �M or below (Table 3), a fact suggesting
an apparent binding constant of the same order of magnitude.
The accuracy of integrating the 19F NMR signal is about �10 �M
for the signal-to-noise ratio achieved within a typical measure-
ment time of 1 hour. Despite the relatively high sensitivity of the
19F nucleus, this is not sufficient to determine the concentration
of free peptide below and around the saturation point. It is
therefore not possible to determine the apparent affinity
constant for peptides with such high affinities by solution-state
NMR spectroscopy.


As seen in Figure 8, PGLa shows very little binding to
uncharged vesicles composed of 100% DMPC. In the presence
of DMPG the saturating amount of membrane-bound peptide
correlates roughly with the total number of charged lipid head
groups, if it is assumed that PGLa carries about five positive
charges. In liquid-crystalline bilayers we can exclude the
possibility that a cluster of DMPG molecules would form a
distinct binding site for PGLa. The influence of the DMPG
concentration on the binding of PGLa must rather be attributed
to an overall electrostatic attraction that changes the local
peptide concentration at the membrane surface. In a neutral
DMPC bilayer the accumulation of positively charged amphi-
philic peptides soon leads to electrostatic repulsion. The peptide
concentration near the surface thus becomes lower than in the
bulk solution, and equilibrium is reached despite a high
concentration in the bulk. A negatively charged membrane, on
the other hand, attracts the positively charged peptides to the
surface and readily accommodates many more molecules before
the charges are neutralised and equilibrium is attained.
Solution-state 19F NMR spectroscopy can provide further


kinetic information over three windows of time. First, our
observation that the peptide signal loses its integral intensity
upon adding the vesicles suggests that any exchange between
the free and bound forms must be slower than about 104 s�1.
Otherwise, in the case of fast exchange between free and vesicle-
bound peptide, the signal would have broadened without loss of
integral intensity. Second, there are no binding processes with
time constants of 10�2 ± 10�5 s�1, such as a slow trans-bilayer flip-
flop. This is shown because we obtained the same results when
measuring the concentration of free peptide immediately (a few
minutes) after adding the vesicles and when repeating the
measurement after hours or days. A third time window is
accessible through the transverse relaxation time T2 . We
measured the signal decay of a single echo NMR experiment


as a function of the echo delay time. If any of
the free peptide gets bound to the membrane
during this delay, the corresponding 19F mag-
netisation will lose its phase coherence. Even if
the peptide is released again at the end of the
delay, it can no longer contribute to the echo
intensity. In these relaxation experiments we
observed a dramatic reduction of T2 from
300 ms in the absence of vesicles down to
�25 ms in the presence of vesicles (Figure 8).
Given the 100-ms range of the echo delay
times, we conclude that the exchange be-
tween free and bound peptide occurs with a
time constant in the order of 10 s�1.


Conclusions


We have shown that the non-natural amino
acid 4F-Phg can be readily incorporated into
synthetic peptides by standard Fmoc solid-
phase protocols, thereby providing a highly
sensitive label for 19F NMR studies of lipid ±
peptide interactions. Since racemisation of


Figure 8. Plot of the free-peptide concentration, cfree (determined from the 19F NMR signal intensity in
solution), as a function of the total amount of PGLa-10-L, ctotal , titrated to suspensions of vesicles made
from DMPC/DMPG mixtures containing different ratios of uncharged to negatively charged lipid. The
measurement time was 20 ± 50 minutes for each concentration data point and 1 ± 2 h for each T2 value.
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4F-Phg cannot be avoided, the peptides containing the L and D


enantiomers have to be separated by reversed-phase HPLC in a
TFA-free solvent. Using various functional assays on the different
types of peptides, we have demonstrated that hydrophobic
amino acids may generally be substituted by L-4F-Phg without
any significant loss of biological activity. The epimeric peptides
containing D-4F-Phg, on the other hand, showed differential
responses that may yield information about the transient
secondary structures required for function. For example, the
sterically constrained side chain of D-4F-Phg interferes with the
�-helical fold of PGLa, whereas it can be accommodated in every
alternate position of the cyclic � sheet of gramicidin S. It will be
interesting to see whether D-4F-Phg inhibits the self-assembly of
oligomeric � sheets, as its stiff aromatic side chain might be a
more efficient steric barrier for �-sheet formation than any
natural amino acid that is flexible around C��C��C�. The
racemised ™byproduct∫ from peptide synthesis (containing the D-


4F-Phg analogue) may thus find useful applications both in
functional studies to probe transient conformations and as a
component of rationally designed oligomerisation inhibitors
against amyloid diseases.
The L-4F-Phg side chain serves as a highly sensitive and


background-free reporter for 19F NMR experiments on mem-
brane-binding peptides. The stiff connection of the label to the
peptide backbone makes it ideal for distance measurements,
and the broad CSA tensor can be used as a probe for peptide
orientation and dynamics both in solution- and solid-state NMR
experiments. In macroscopically oriented membranes we typi-
cally acquire spectra from 0.33 mg of 19F-labelled peptide in
about 3 h; this compares very favourably with analogous solid-
state NMR experiments on 2H, 13C or 15N nuclei, which are 10 ±
100-fold less sensitive.[6c] Even though the sensitivity of the
solution-state 19F NMR experiments was not yet high enough to
determine directly a binding constant in the �M range, various
time windows could be addressed to describe the reversible
interactions of the peptide with lipid vesicles. In the case of the
cationic antimicrobial peptide PGLa, we found that electrostatic
interactions determine the initial membrane binding in solution,
but once it is associated with the bilayer the presence of charged
lipid head groups makes no difference to the alignment or
mobility of the peptide. This finding may have important
consequences for our understanding of the functional mecha-
nism of PGLa and related peptides.


Experimental Section


Materials : Fmoc-L-ornithine(dde)-OH and Fmoc-D-phenylalanine
were purchased from Bachem (Heidelberg, Germany; Fmoc� 9-
fluorenylmethoxycarbonyl, dde� 1-(4,4-dimethyl-2,6-dioxocyclo-
hex-1-ylidene)ethyl). Tetramethylfluoroformamidinium hexafluoro-
phosphate (TFFH) was obtained from Advanced Chemtech (Louis-
ville, KY), and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) was from Richelieu Biotechnologies
(Montreal, Canada). Diethyl ether, acetone, acetonitrile, methanol
and N,N-dimethylformamide (DMF; synthesis grade) were obtained
from Roth (Karlsruhe, Germany). DMF was purified by standard
methods.[31] N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid


(HEPES) was obtained from Sigma, and N,N-diisopropylethylamine
(DIEA), trifluoroacetic acid (TFA), triisopropylsilane (TIS), trifluoro-
ethanol (TFE), N-methylpyrrolidine (NMP), �-cyano-4-hydroxycin-
namic acid, piperidine, sodium fluoride and fluorotrichloromethane
were obtained from Aldrich. The compounds 2,4,6-collidine, 4-fluoro-
L-�-phenylglycine (L-4F-Phg), 4-fluoro-DL-�-phenylglycine (D/L-4F-Phg)
and hydrazine were obtained from Fluka (Taufkirchen, Germany),
while tetrahydrofuran (THF) was from Merck (Darmstadt, Germany).
All other chemicals for peptide synthesis were purchased from
Calbiochem-Novabiochem (Bad Soden, Germany). 1-Fluoro-2,4-dini-
trophenyl-5-L-alanine amide (Marfey's reagent) was obtained form
Pierce (Bonn, Germany). N-terminal Fmoc protection of L-4F-Phg and
D/L-4F-Phg was performed with Fmoc-Cl as previously reported.[32]


The lipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DMPG), as
well as the fluorescence-labelled lipids L-�-phosphatidylethanol-
amine-N-(lissamine rhodamine B sulfonyl) and L-�-phosphatidyleth-
anolamine-N-(4-nitrobenzo-2-oxa-1,3-diazole), were obtained from
Avanti Polar Lipids (Alabaster, AL). All chemicals used were of the
highest grade and were used as received unless otherwise men-
tioned.


Peptide synthesis : Peptides were synthesised either on an Applied
Biosystems 433A instrument, on an Abimed Economy Peptide
Synthesizer EPS 221, or manually by using standard solid-phase
Fmoc protocols.[33] Deprotection was carried out with 20% piper-
idine in DMF, and preactivation was performed with 1-hydroxy-1H-
benzotriazole (HOBt) and HBTU in the presence of the base DIEA.
NMP or DMF were used as solvents. The deprotection and coupling
efficiency was monitored by performing a Kaiser test.[34] The
protected peptides were cleaved from the resin at room temperature
by treatment with a cocktail of TFA (95%), water (2.5%) and TIS
(2.5%) for 2 ± 5 h with occasional shaking. In the case of gramicidin S
we had to use 5% TIS to avoid alkylation by cations produced during
cleavage. The resin was filtered off and washed with pure TFA. The
combined filtrates were evaporated to a reduced volume under a
gentle stream of nitrogen. The crude product was precipitated with
cold diethyl ether, taken up in acetonitrile/water (1:9) and lyophi-
lised.


In our attempts to suppress racemisation of L-4F-Phg, the synthesis
was performed in an automated manner only up to the stage of
introducing the label. The fluorinated amino acid and the following
one were then introduced manually as described in the Results and
Discussion section. The remaining sequence was then completed on
the peptide synthesizer.


In the cyclisation of gramicidin S, the linear peptide (0.5 mgmL�1)
was dissolved in dry degassed dichloromethane (DCM) in a 50-mL
round-bottomed flask. Solid pyridinium 1-benzotriazolyloxytris(di-
methylamino)phophonium hexafluorophosphate (3 equiv to the
peptide) and a solution of HOBt (3 equiv) in degassed DMF
(0.5 mL) were added to the flask, and the mixture was stirred. DIEA
(6 equiv) was then added to initiate the reaction. The reaction was
monitored by HPLC and allowed to proceed overnight under an
argon atmosphere. After removing the DCM by rotary evaporation,
ethyl acetate (30 mL) was added and the remains of the DMF were
washed off with water (2�30 mL). The organic layer was dried over
Na2SO4 and the solvent was removed by rotary evaporation to obtain
an oil. This oil was taken up in ethyl acetate, lyophilised and purified
by HPLC.


The cyclised product still had the dde protecting group on the
ornithine residues. For the deprotection the peptide was taken up in
THF and treated with hydrazine solution (2% v/v in THF). The mixture
was stirred for about 2 h at room temperature before being left at
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�73 �C overnight to precipitate the removed dde as the oxazolone.
The precipitate was filtered and the solvent was removed from the
filtrate by rotary evaporation to give another yellowish oil, which was
dissolved in acetonitrile/water (1:1, 3 mL) and lyophilised. Mass
spectrometry on this sample provided evidence of proper cyclisation
and complete removal of the dde protecting group. The crude
product was further purified by HPLC before use.


HPLC purification of peptides : Peptides were purified with
reversed-phase HPLC (Jasco, Japan; 10� 250 mm Vydac C18 col-
umns; flow rate of 6 mLmin�1). Water/acetonitrile gradients were
individually optimised at 30 ± 40 �C for each peptide analogue. B18
and gramicidin S analogues were purified in a single step, with the
amount of deletion peptides and of other side products being
between 5 and 15%. PGLa analogues were purified in two steps: the
epimers were first separated with 0.1% TFA in both phases and,
following lyophilisation, they were further purified in TFA-free
solvent, thereby reducing the amount of deletion peptides to less
than 3%. For all peptides the last HPLC step was performed with
5 mM HCl in the aqueous phase and pure acetonitrile as the organic
phase. All samples prepared for this 19F NMR study contained less
than 0.1 mole of TFA per mole of peptide as judged by the 19F NMR
peak intensities in solution.


Mass spectrometry : The identity of the peptides was confirmed with
mass spectrometry. We used electrospray ionisation (ESI) and/or
matrix-assisted laser desorption/ionisation time-of-flight (MALDI-
TOF) spectrometry. Samples for ESI were dissolved in 99% methanol
and measured on a Fisons VG Quattro triple quadrupole mass
spectrometer. MALDI-TOF samples were cocrystallised with a matrix
of �-cyano-4-hydroxy-cinnamic acid from acetonitrile/water solu-
tions onto a stainless steel target. Measurements were made on a
Bruker Reflex 2 instrument. When both techniques were successfully
employed, we found identical results.


Assignment of L- and D-4F-Phg enantiomers : Samples of purified
peptide (0.2 mg) were hydrolysed with 6M HCl (0.5 mL) for 16 h at
105 �C. The amino acids were derivatised with Marfey's reagent:[22]


the HCl was removed by lyophilisation, 0.5M NaHCO3 (25 �L) and 1%
Marfey's reagent in acetone (50 �L) were added, the mixture was
incubated at 40 �C for 90 min, and finally 2M HCl (7 �L) was added.
The mixture of the derivatised amino acids was resolved by analytical
HPLC (4.6� 250 mm Vydac C18 column; flow rate of 1.5 mLmin�1;
detection at 415 nm) at 40 �C with a linear acetonitrile/water gradient
containing 0.1% TFA, from 10 to 43% acetonitrile over 12 min. Peaks
were identified by comparison with chromatograms of pure
derivatised L- and D-4F-Phg (see Figure 2).


High-resolution 1H NMR spectroscopy : Samples of 1.8 ± 2.4 mM


PGLa were prepared in an aqueous solution (350 �L) containing
30% TFE-d3, 10 mM potassium phosphate buffer (pH 7.0 before TFE
addition), 0.05% NaN3 and 0.1 mM 3-(trimethylsilyl)propionic acid-d4


and measured into 5-mm tubes between Doty susceptibility plugs.
Two-dimensional 1H± 1H TOCSY (100 ms mixing time; 8 h measure-
ment time) and NOESY spectra (150 ms; 16 ± 32 h) were recorded
with WATERGATE water suppression on a 600 MHz Unity Inova
spectrometer (Varian, Palo Alto, CA) with standard equipment. The
spectra were evaluated with the programs NMRPipe, SPSCAN and
XEASY,[35] and molecular models were created and visualised with
SYBYL (Tripos, St. Louis, MO) and MOLMOL.[36] Ring-current shifts
were determined according to the Johnson±Bovey model, as
implemented in MOLMOL.


Fluorescence assay for fusogenic activity : The peptide-induced
fusion of large unilamellar vesicles (LUVs) was monitored with a
fluorescence dequenching assay, as previously reported.[15b] LUVs of
brain sphingomyelin/cholesterol (80:20 molar ratio) with and with-


out 0.8 mol% of both the fluorescence-labelled lipids L-�-phospha-
tidylethanolamine-N-(lissamine rhodamine B sulfonyl) and L-�-phos-
phatidylethanolamine-N-(4-nitrobenzo-2-oxa-1,3-diazole) were pro-
duced in a lipid extruder (Avestin, Canada) with Poretics
polycarbonate membranes of 100-nm pore diameter (Osmonics,
Livermore, CA). 40 �M ZnCl2 and 2 �M B18 peptide were added to
trigger fusion, and the fluorescence intensity was monitored with an
LS 50B luminescence spectrometer (Perkin Elmer) with the excitation
set at 465 nm and the emission set at 520 nm. The initial rate of
fusion was determined from an exponential fit to the increase in
fluorescence intensity 3 ± 30 seconds after addition of peptide, and
was compared with the total increase after addition of Triton X100.


Antimicrobial inhibition assays : As test organisms for antimicrobial
activity assays we used the Gram-negative bacteria Escherichia coli
ATCC 25922, E. coli DC2 (antibiotic-susceptible penetration mu-
tant),[37] Pseudomonas aeruginosa ATCC 9027, P. aeruginosa K799/61
(antibiotic-susceptible penetration mutant),[38] Burkholderia cepacia
DSM 7288 (resistant to cationic peptides),[39] B. vietnamiensis
DSM 11319, B. multivorans BF7 (clinical isolate obtained from Prof.
Dr. A. Bauernfeind, MICOER-Institute, Munich, Germany) and the
Gram-positive bacteria Staphylococcus aureus SG511, S. aureus 134/
93 (MRSA),[40] Bacillus subtilis ATCC 6633, Micrococcus luteus
ATCC 10240 and ATCC 9341, Mycobacterium vaccae IMET 10670,
and Mycobacterium fortuitum B.


Antibacterial activity was determined qualitatively by agar diffusion
tests[24] and quantitatively by measurement of MIC values in liquid-
growth inhibition assays.[25] For agar diffusion assays, a suspension
(100 �L) of the test organism with a density of McFarland standard 1
was inoculated into sterile melted 1% Trypticase soy broth (TSB)
agarose (32 mL), cooled to 50 �C and then poured into Petri dishes.
The final concentration of cells was 106 colony-forming units (CFU)
per mL. Each antimicrobial peptide (50 �L) at a concentration of
100 �gmL�1 was filled into 9-mm holes that had been cut out of the
agar (5 �g of peptide per hole). The diameter of the zone of
inhibition around the hole in mm was determined after 24 h of
incubation at 37 �C.


Minimum inhibitory concentration (MIC) values were determined by
using a standard microbroth dilution method in 1% TSB.[25] The cells
were grown overnight at 37 �C in nutrient broth and then diluted in
TSB. The peptide solutions (50 �L) were serially diluted by a factor of
two with TSB, and then the wells were inoculated with bacteria
(50 �L) to give a final concentration of 5� 105 CFUmL�1 in a volume
of 100 �L, unless stated otherwise. Microtiter plates were incubated
at 37 �C for 24 h and read with a Nepheloscan Ascent 1.4 automatic
plate reader (Labsystems, Vantaa, Finland). All experiments were
performed in triplicate. MIC values are stated as the lowest antibiotic
concentration that inhibited growth.


Solid-state 19F NMR spectroscopy : NMR measurements were per-
formed on a 500 MHz wide-bore Unity Inova spectrometer (Varian,
Palo Alto, CA). For solid-state 19F NMR spectroscopy, a 19F/1H double-
tuned flat-coil probe head with a goniometer (Doty Scientific Inc. ,
Columbia, SC) and an external 470 MHz high-power amplifier
(Creative Electronics Inc. , Los Angeles, CA) were used.[4a, 7b]


Oriented membrane samples were prepared by depositing peptide ±
lipid mixtures on cleaned and vacuum-dried glass slides (0.08� 7.5�
18 mm3, Marienfeld Inc. , Germany).[6b±d] The peptide was dissolved in
water and the lipid in methanol. Both components were then mixed
to give a 70% methanol solution containing about 20 ± 100 mgmL�1


of material in total. Drops (20 ± 30 �L) were spread onto each glass
plate (the number of plates necessary depends on the desired
peptide:lipid ratio, typically 8 plates were used for 0.33 mg of PGLa in
a 1:100 peptide:lipid ratio). After initial drying in a laminar flow
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bench, the membrane films were dried to completion under vacuum
overnight. The plates were stacked and hydrated for 2 days at 48 �C
in an atmosphere over a saturated K2SO4 solution (about 96%
relative humidity). The stack was wrapped in parafilm and poly-
ethylene film to maintain the hydration of the sample during the
NMR measurement. 1H-decoupled 31P NMR spectra were recorded to
judge the quality of bilayer orientation in the samples. The well-
oriented lipid typically contributed 80 ±95% to the total 31P NMR
phospholipid signal.


Peptide ± lipid interactions studied by 19F NMR in solution : LUVs
were prepared from DMPC or DMPC/DMPG mixtures in 10 mM HEPES
buffer (pH 7.0) with 1 mM NaF, as described for the fusion assays
above. Small unilamellar vesicles were prepared by ultrasonication of
the lipid suspension. The vesicles were mixed with peptide stock
solution, and the mixture (0.6 mL) was filled into 5-mm NMR tubes
for high-resolution measurements. 19F NMR free induction decays
were recorded immediately after a 90� pulse at 470 MHz, with a
standard triple-resonance probe head for high-resolution measure-
ments (Varian, Palo Alto, CA), where the proton channel was tuned to
fluorine. Fluorine chemical shifts were referenced to external CFCl3
with a thin capillary filled with pure CFCl3 extending over the full
length of the tube. After Fourier transformation, the NMR signal
intensity of the labelled peptide was determined by integration over
a range�0.12 ppm from the peak maximum after visual phasing and
linear baseline correction for the outermost 10% of a�1 ppm range.
This was compared with the integral of the NaF signal.
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Mutagenic Stabilization of the Photocycle
Intermediate of Green Fluorescent Protein (GFP)
Jens Wiehler,[b] Gregor Jung,[a] Christian Seebacher,[a] Andreas Zumbusch,*[a]


and Boris Steipe[b]


The optical spectra of the Aequorea victoria green fluorescent
protein (GFP) are governed by an equilibrium between three
different chromophore states. Mutants that predominantly show
either the protonated (A) or the deprotonated (B) form of the
chromophore have previously been described. In contrast, the I
form, which is formed by rapid excited-state deprotonation of the A
form of the chromophore, has only been described as an obligatory
photochemical intermediate. We report the design of a new GFP
mutant with a stabilized I form. For this purpose, we introduced
two isosteric point mutations, Thr203Val and Glu222Gln, that


selectively raise the potential energy of both the A and the B form.
Knowledge of the absorption spectrum of the I form at room
temperature allows the detailed analysis of concentration depend-
ent changes in bulk wild-type(wt)-GFP spectra, as well as the
determination of the dimerization constant of GFP. This informa-
tion expands the use of GFP to that of a spectral probe for protein
concentration. We determined energy differences between the
chromophore ground states in the monomer and the dimer and
reconstructed part of the potential energy surface.


Introduction


Green fluorescent protein (GFP) has been established as one of
the most important in vivo markers for gene expression and
protein localization.[1] This protein is unique in that its fluoro-
phore, p-hydroxybenzylideneimidazolinone, is formed from the
tripeptide Ser65-Tyr66-Gly67, so that the protein fluoresces
without the addition of an external cofactor.[2, 3] Crystallographic
studies have revealed that the chromophore is located in the
middle of an � helix that runs coaxially through the core of a
rigid � barrel scaffold structure formed from 11 � strands.[4, 5]


Wild-type(wt)-GFP, which is found in high concentrations in
organelles of the Pacific jellyfish Aequorea victoria,[6] exhibits two
absorption bands in the visible spectral region. Based on X-ray
structural data, an interconversion between three different forms
of the chromophore was postulated (Scheme 1).[7, 8] A band at
�abs�397 nm characterizes the A form of the chromophore and
was attributed to a neutral phenol group (RH), while the B form,
which has an anionic phenolate group (R�), absorbs at �abs�
476 nm.[2, 3] The third form, the so-called I form, is an anionic
form, produced after rapid excited-state deprotonation of the
neutral A form.[9, 10] Accordingly, excitation of either the A or the
B form results in emission from R� centered at �em�508 nm and
�em� 503 nm, respectively. In the I form, the immediate protein
environment and its hydrogen bonding network are still
adapted to the protonated chromophore. The excited-state A*
form quantitatively deprotonates into the I* form, which, after
emission, becomes the I form. As the subsequent reprotonation
of the chromophore is fast, the I form was only considered to be
a transient state in the photocycle of wt-GFP at room temper-
ature. However, this form of the chromophore has been
detected by optical spectroscopy after being trapped at
cryogenic temperatures, and by time-resolved spectroscopy at
room temperature.[11±14] Although the I form was found to only


persist below 100 K, it is of central importance for the under-
standing of the potential energy landscape of GFP.
Herein we show how site-directed mutagenesis leading to the


double mutant Thr203Val/Glu222Gln can be used to stabilize the
I form of GFP. The mutagenesis strategy was based on results
from investigation of the two single mutants Thr203Val and
Glu222Gln.[20, 28] While many mutants that predominantly show
either the A or the B form of the chromophore have been
produced for the application of GFP as a fluorescent marker, no
mutant with an I form stabilized at room temperature has been
reported to date.[1] By using the new mutant, we obtained room-
temperature spectra of the I form. Surprisingly, the spectra of the
I form perfectly coincide with a spectral component of wt-GFP
observed at high protein concentrations. In fact, the wt-GFP
spectrum can be quantitatively explained as the sum of the
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spectra of the mutants that selectively populate the A, B, and I
states of the protein, respectively. Concentration-dependent
changes in the wt-GFP spectrum caused by dimerization have
been reported and exploited for proximity imaging.[15] Our
results allow the quantitative analysis of such concentration-
dependent changes of the wt-GFP absorption in terms of
ground-state population changes. We used such an analysis to
determine the as yet unknown dimerization constant of wt-GFP.
The observed spectral changes were attributed to shifts in the
energies of the chromophore forms upon dimerization. From our
data, a part of the potential energy surface of the protein
involved in the interconversion of the A and the B forms could be
constructed. Our approach also allows a qualitative description
of the influence of point mutations on the energies of the
different ground state forms. The implications of our findings for
the biological function of GFP and for its use as a fluorescent
probe are discussed below.


Results and Discussion


Concentration-dependent spectra of wt-GFP


It has been pointed out previously that the equilibrium between
the A and the B forms of the chromophore in wt-GFP is affected
by temperature, pH, ionic strength, cryoprotectors, and protein
concentration.[10, 13, 14] The absorption spectrum of a wt-GFP
solution changes considerably if the protein concentration is


changed from 2.2 �M to 1.6 mM. The
peak intensity of the A form at 397 nm
increases at the expense of the long-
wavelength B-form peak intensity (Fig-
ure 1a). By performing absorption mea-
surements at different concentrations of
added Ni2�, we verified that the spectral
changes were not due to complex
formation of the His6-tag of the proteins
with traces of Ni2� (data not shown). The
apparent isobestic point at 428 nm has
been interpreted before as resulting
from the dimerization of wt-GFP.[16]


Close inspection of the spectra shows
that three absorption bands are present.
Normalization of the long wavelength
part of the spectra to the respective
maxima shows a change in the band
shape caused by an absorption increase
at �abs�496 nm. This occurs simultane-
ously with the increase of the A form
absorption (Figure 1b). Differential ab-
sorptions �Abs were calculated by sub-
traction of the absorption spectra ob-
tained for the limiting concentrations.
The shape of a difference spectrum is
not concentration dependent (data not
shown). Low-temperature spectroscopy
has previously been used to identify a
fluorescence excitation band near


500 nm as a signature of the I form of the chromophore.[11, 12]


We therefore attribute the differential absorption in the 500 nm
region to the population of the I form of the chromophore. While
low-temperature experiments are instructive for qualitative
interpretation of the room-temperature data, no quantitative
conclusions can be made because of the differences in spectral
shapes and intensities. Quantitative analysis of the observed
concentration-dependent spectral changes requires the knowl-
edge of the room-temperature spectra of the contributing
species. Ideally, such spectra are obtained from a GFP mutant
with a chromophore stabilized in the I form, as well as from
mutants that stabilize the A and B forms. However, the necessary
mutations must not shift the respective electronic spectra.


Strategy for site-directed mutagenesis


The interconversion model put forward by Brejc and co-workers
was used as a basis to plan specific mutations (Scheme 1).[7] From
the model, two important factors determining the equilibrium
between the three ground-state forms of the chromophore can
be identified: The first of these factors is the acidity of the amino
acid at position 222, which is of pivotal importance for the
presence of the neutral A form of the chromophore in wt-GFP.
The chromophore will only be neutral if in the electronic ground
state the acidity at position 222 is higher than that of the phenol
group of Tyr66. In the excited state of wt-GFP, the phenol group


Scheme 1. Scheme showing the A (�abs� 397 nm), B (�abs� 476 nm, �em� 503 nm), and I (�abs� 499 nm, �em�
508 nm) forms of GP and mechanisms of conversion and photoisomerization based on refs. [7, 8] . The mutated
side chains Thr203 and Glu222 are depicted in gray. In the B form, the Thr203 hydroxy group is hydrogen bonded
to the anionic phenolate, thereby stabilizing its negative charge. In the A and the I form, the Thr203 side chain is
turned away from the chromophore and Glu222 forms a hydrogen bond to Ser205.
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Figure 1. Dependence of spectral properties of wt-GFP on the protein concen-
tration. a) Absorption spectra of serially diluted samples (1.6 mM±2.2 �M, rainbow
colored). The spectra were normalized to the absorption at 280 nm. b) Absorption
spectra normalized to the long-wavelength maximum. At the lowest concen-
trations (1.8 �M (black) and 22 nM (gray)) fluorescence excitation data are shown.
The absorption and the fluorescence excitation spectrum at 1.8 �M coincide.
c) Differential absorption of two protein concentrations (1.6 mM and 2.2 �M) in
comparison to the absorption spectrum of the Thr203Val variant. The long-
wavelength region is magnified in the inset. The spectra were normalized to the
470 nm absorption.


is more acidic than Glu222, which in this case acts as a proton
acceptor.[17] The presence of polar side chains in the vicinity of
the chromophore inside the folded protein makes it difficult to
directly compare pKa values measured in solution. However,
these values can be used as a good guideline. Here, the relevant
values are pKa�4.5 for Glu, pKa�10.0 for phenol in its electronic
ground state dissolved in H2O, and pKa� 4.0 for electronically
excited phenol in H2O.[18, 19] Electronic excitation of the A form
consequently leads to the deprotonation of the phenol group
and the population of the I form. Because of the rapidity of the
excited-state proton transfer, which occurs on a picosecond time
scale,[9, 10] the environment of the chromophore does not
immediately adopt the optimum configuration for the accom-
modation of the anionic chromophore. The I form therefore
possesses the same protein scaffold and hydrogen-bonding
geometry as the A form.


The second important factor determining the protonation
state of the chromophore comprises the orientation and the
bonding properties of the amino acid at position 203. In the B
form of wt-GFP, Thr203 forms a hydrogen bond to Tyr66 of the
chromophore that is necessary to stabilize the anionic state. In
the A and the I forms, the same hydroxy group of Thr203 is
turned away from the phenolic hydroxy group of Tyr66. The
interconversion between the different forms is also accompa-
nied by a structural rearrangement of His148.
The key residues in this process, Thr203 and Glu222, can be


independently targeted by mutation to specifically lower or raise
the potential energy of either the A or the B form. With respect
to a potential energy diagram, we call a mutation orthogonal if it
only influences the potential energy of one of the three ground
state forms of GFP. We used this effect as a basis for a rational
approach to the stabilization of the I form in the ground state of
a GFP mutant. Reduction of the acidity at position 222 by the
Glu222Gln substitution maintains the hydrogen-bonding net-
work in the same geometry as in the A form of wt-GFP.[8] An
additional Thr203Val substitution, to give the double mutant
Thr203Val/Glu222Gln, in turn prevents hydrogen bonding of the
amino acid at position 203, which is needed for the stabilization
of the B form in wt-GFP. Since they are isosteric, both mutations
can be assumed to leave the protein scaffold unchanged. As will
be demonstrated below, this double mutation indeed leads
to the desired mutant with a stabilized I form in its ground
state.


Spectroscopic characterization


Absorption and fluorescence spectroscopy were used to char-
acterize the single point mutants Thr203Val and Glu222Gln, as
well as the double mutant. Experiments were performed at
cryogenic temperatures leading to sharper spectra that allowed
us to unambiguously assign the different forms of the chromo-
phore. The resulting room- and low-temperature spectra are
shown in Figure 2, while the absolute band positions are
summarized in Table 1.
The absorption spectrum of the Glu222Gln variant lacks any


absorption at 400 nm but is remarkably similar to that of the
long-wavelength part of the wt-GFP spectrum (Figure 2a). Close
similarities are also found for the low-temperature excitation
spectra and the emission spectra obtained with an excitation
wavelength of �ex�470 nm at low and at room temperature
(Figure 2b and 2c). This means that the A form is efficiently
suppressed in the ground state of this mutant. Further
inspection of the low-temperature excitation spectra shows a
small peak at �ex�500 nm. Excitation at this spectral position
yields an emission spectrum similar to that of the I* form in wt-
GFP (Figure 2c). We also observed this behavior at room
temperature (Figure 2b). In the red wing of the absorption band
we detected a slight dependence of the emission spectra on the
excitation wavelength (Figure 2b). This effect was previously
reported for wt-GFP by Creemers and co-workers, who inter-
preted this spectral feature as being caused by the population of
the I form.[12] These findings allude to the presence of a small
population of the I form in Glu222Gln at cryogenic temperatures
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as well as at room temperature. All our findings demonstrate
that the Glu222Gln mutation indeed destabilizes the A form of
the chromophore without changing the electronic properties of
the B form. It appears that the only effect of the isoelectronic


substitution of the carboxy group by the amide group is the
reduction of the acidity at position 222.
The room-temperature absorption spectrum of the Thr203Val


variant is dominated by a broad band centered at 397 nm while


Figure 2. Spectroscopic properties of wild-type and mutant GFP. a) Absorption spectrum of wt-GFP in comparison to those of the mutated proteins representing the A,
B, and I forms. The spectra were recorded at protein concentrations of approximately 15 �M. The long-wavelength absorption is enlarged in the inset. b) Fluorescence
emission recorded at a protein concentration of around 0.1 �M. Fluorescence was excited at the absorption wavelengths of the A form (green, �ex� 380 nm), the B form
(red, �ex� 470 nm), and the I form (blue, �ex� 490 ± 495 nm). c) Fluorescence excitation (black) and emission spectra at 3 K in wt-GFP and its mutated variants (colored as
in b). The complete excitation spectrum of the Thr203Val variant is depicted in the inset. Excitation wavelengths were 364 nm and 473 nm for wt-GFP, 473 nm and
496 nm for Glu222Gln, 407 nm and 496 nm for Thr203Val, and 407 nm and 502 nm for Glu222Gln/Thr203Val.


Table 1. Summarized absorption, fluorescence excitation, and fluorescence emission maxima of the three different mutants at room temperature (RT) and at 3 K
(LT).[a]


Mutant Absorption RT [nm] Excitation RT [nm] Emission RT [nm] Excitation LT [nm] Emission LT [nm]


wt-GFP 397(A) 397(A) 509(A) 400(A) 503(A)
476(B) 476(B) 505(B) 472(B) 482(B)


Thr203Val 397(A) 397(A) 511(A) 400(A) 510(A)
499(I) 499(I) 511(I) 497(I) 505(I)


Glu222Gln 477(B) 477(B) 506(B) 471(B) 484(B)
Thr203Val/Glu222Gln �385(A) �500(A)


499(I) 503(I) 513(I) 503(I) 508(I)


[a] The identity of the respective chromophore state is given in parentheses. Fluorescence excitation and emission detection was carried out at slightly blue-
shifted and red-shifted wavelengths with regard to the respective band maxima.
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only a minor absorption at 499 nm is detected. This confirms the
expected prevalence of the A form (Figure 2a). The small peak at
�abs�499 nm is again attributed to a minor population of the I
form.[20] Excitation of either the A form or the proposed I form at
room and cryogenic temperatures leads to indistinguishable
emission spectra, which further supports this assignment (Fig-
ure 2b and 2c). As expected from the interconversion model, the
Thr203Val mutation suppresses the population of the B form.
If the mutations Thr203Val and Glu222Gln are orthogonal as


defined above, their combination must lead to a stabilization of
the I form. Indeed, none of the dominating absorption bands of
wt-GFP are observed in the room-temperature spectrum of the
Thr203Val/Glu222Gln variant. Instead, only one major band at
�abs�499 nm is detected (inset in Figure 2a). The Thr203Val/
Glu222Gln mutant therefore represents a new GFP spectral
phenotype. With the exception of a red shift of 2 nm, which lies
within the resolution limits of the spectrometer, the room-
temperature emission spectra of the double mutant are identical
to those obtained for the Thr203Val variant (Figure 2b). In
contrast to the absorption spectrum at room temperature, low-
temperature excitation spectroscopy reveals a broad, unstruc-
tured band centered at 385 nm, which is similar to that of the A
form in the Thr203Val mutant (Figure 2c). The I form excitation
band of the double mutant at 503 nm is slightly red shifted at
cryogenic temperatures. Apart from the red shift, the emission
spectrum obtained upon excitation at 502 nm coincides with
that of the Thr203Val mutant. The data obtained with optical
spectroscopy impressively confirm the effect of the mutations
predicted by the interconversion model.[7] The described double
mutant is the prototype of the ground state I form of wt-GFP.
This mutant allows access to the spectral properties of the I form
and demonstrates that large red shifts can be obtained in the
electronic spectra of GFP mutants without an aromatic amino
acid substitution.


Aggregation behavior of wt-GFP


The absorption bands of the B and the I forms overlap spectrally.
Knowledge of the absorption spectrum and the extinction
coefficient (�) of the I form is therefore a prerequisite for a
quantitative analysis of the concentration-dependent changes in
the wt-GFP spectra. The absorption maxima of both forms at
476 nm and 496 nm were selected as references.
If quantitative chromophore formation is assumed,[21] the


extinction coefficients of the A form and the I form can be
derived by determining the protein concentration based on the
absorption at 280 nm.[22] For the mutants Thr203Val and
Thr203Val/Glu222Gln we directly obtained values of �(A)�
25500 mol�1 cm�1 at �abs� 397 nm and �(I)�55400 mol�1 cm�1


at �abs�496 nm, respectively. Determination of these values is
possible because both mutants only contain negligible popula-
tions of other chromophore forms (see Figure 2a). The extinction
coefficient of the B form, �(B)� 36500 mol�1 cm�1 at �abs�
476 nm, was derived from the long-wavelength part of the wt-
GFP spectrum of the B form by subtracting the I form spectrum.
As an independent control for this calculation of the extinction
coefficients, the total protein concentration, [A] � [I] � [B] ,


determined by the 280 nm absorption was compared to the sum
A397/�(A) � A476(B)/�(B) � A496(I)/�(I) for the concentration-
dependent wt-GFP spectra (see Figure 1). Over the whole
concentration range of the absorption spectra, the deviations
between both measurements are smaller than 3.5%.
At 476 nm the absorption of the I form is 54% of its maximum


value, while at 496 nm the B form has an absorption of 20%
compared to its maximum value. From these data, the general
equations (1) and (2) for the calculation of the respective
absolute concentrations of the B and the I form, A476(B) and
A496(I), can be derived from the measured total absorptions A476


and A496 at both absorption wavelengths [Eq. (1), Eq. (2)]:


A476(B) � 1.12A476� 0.61A496 (1)


A496(I) � 1.12A496� 0.22A476 (2)


The concentration-dependent relative populations can now
be obtained by using Lambert-Beer's law. These popultions are
shown for the A and the B form as well as for the ratio of A form
to I form in wt-GFP in Figure 3. These ratios represent the
equilibrium constants. With increasing protein concentrations,
the populations of the A and I forms simultaneously increase
more than sevenfold in comparison to that of the B form, while
the ratio of the population of the A form to that of the I form
remains constant. At the highest protein concentration, the
population of the B form equals that of the I form. The


Figure 3. Relative populations of the A and the B forms, as well as the A/I form
population ratio at different concentrations of wt-GFP. The dimerization constant
KDim is obtained from a fit (black lines) to the absorption (black dots) and
fluorescence excitation data (gray dots). The absorption value at the lowest
concentration was not included in the fit.
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measurement range was extended to low protein concentra-
tions by using fluorescence excitation spectroscopy.
These concentration-dependent changes between the pop-


ulations of the different ground state forms of wt-GFP are
explained by its oligomerization. Since it is known that the
equilibrium constants of the A, B, and I forms of the chromo-
phore are sensitive to the protein environment,[9, 11] it is
reasonable to expect that these constants depend on the
oligomerization state of the protein. Calculations comparing
dimerization and trimerization show that the curves predicted
for the formation of trimers are much steeper than those
observed in Figure 3. Thus, our data do not support the
formation of higher oligomers but suggest an equilibrium
between the monomeric (M) and the dimeric (D) forms of the
protein [Eq. (3)] . It is interesting to note that X-ray structures of
wt-GFP show that the unit cells are built from dimers.[4] The ratio
of the protein molecules in the dimeric state 2[D] to the total
number of molecules [P] can be expressed as in Equation (4).
One thus obtains relative populations of, for example, ([A]/
([A]� [B]� [I] ))mon and ([B]/([A]� [B]� [I] ))dim, which lead to
Equation (5).


2M�D; Kdim � �D�
�M�2 ; [P] � [M]� 2[D] (3)


2�D�
�P� � 1�1� ��������������������������


1 � 8Kdim�P�
�
4Kdim�P�


(4)


�A�
�A� � �B� � I� �


�A�
�A� � �B� � �I�


� �
mon


� 2�D�
�P�


�� �A�
�A� � �B� � �I�


�
dim


� �A�
�A� � �B� � �I�


� �
mon


� (5)


The values of [A]/([A]� [B]� [I] ) and [B]/([A]� [B]� [I] ) can be
used independently to determine the dimerization constant.
Both values agree excellently and we obtain a KDim value of 17�
1 mM�1 (Figure 3). Our experiments show that, at protein
concentrations higher than 60 �M, more molecules of wt-GFP
are in the dimeric form than in the monomeric form. The
physiological concentration of wt-GFP in Aequorea victoria is in
the range of 1 mM.[23] The results presented here agree well with
analytical ultracentrifugation experiments in which only mono-
mers and dimers were detected.[24] Note that the saturation
concentration for the dimer is not experimentally accessible
because at protein concentrations of around 50 mM there is
already no water left in the sample. To calculate the water
content of the sample, we assumed a specific density of
1.4 gcm�3 for the protein.


Potential energy surface of wt-GFP


From the equilibrium constants of the different protein forms,
the ground-state energy differences �G between them can be
calculated by using the relationship �G��RT lnK. We obtain
�GA,B��3.7 kJmol�1 and �GI,B� 3.8 kJmol�1 in the monomeric


protein and �GA,B��8.8 kJmol�1 and �GI,B��1.2 kJmol�1 in
the dimer. The equilibrium between the A and the I form remains
unchanged upon dimerization, with �GA,I��7.6 kJmol�1. The
thermodynamic results can be summarized in a potential
diagram, as depicted in Figure 4a. The optical spectra demon-
strate that the energy levels of the A and B forms can be shifted
independently by the orthogonal point mutations Glu222Gln
and Thr203Val, respectively (Figure 4b). It is apparent that the
Thr203Val mutation mimics the influence of the dimerization on
the stability of the B form. X-ray structural investigations show
that Thr203 is located centrally on the dimer interface.[4] This
spatial organization suggests that structural or electrostatic
changes may mediate the observed interdependence of the
dimerization and ground-state deprotonation equilibria.


Implications for the biological function of wt-GFP and its use
as a label


It has been proposed that the natural function of GFP is the
conversion of the blue chemiluminescence of aequorin, a
protein produced by the jellyfish Aequorea victoria, into green
light. The emission spectrum of free aequorin however has an
emission maximum at around 470 nm.[6] If it is assumed that the
emission spectra of free aequorin and of aequorin bound to GFP
are the same, the wt-GFP would have to be in its B form for
optimum energy transfer. This could be achieved by single point
mutations like Glu222Gln or Ser65Thr.[1] In contrast, single point
mutations like Thr203Val have been shown to stabilize the
chromophore in its A form. While this demonstrates that either
form of the chromophore could easily be stabilized, wt-GFP
seems to be a compromise offering on the one hand efficient
excited-state proton transfer after excitation at 400 nm, and on
the other hand absorption at 470 nm for efficient energy transfer
from aequorin emission. These findings support the assumption
that wt-GFP serves the purpose of attracting zooplankton on
which Aequorea victoria is known feed.[25] Hardly any knowledge
is available on the wavelength dependence of the phototaxis of
zooplankton. One study on the plankton Daphnia magna,
however, shows a maximum positive phototaxis at 520 nm in
good accordance with the fluorescence maximum of wt-GFP.[26]


The broad absorption of wt-GFP in the spectral region between
400 and 500 nm, which is caused by the simultaneous presence
of the A and the B form, offers the advantage of efficient
collection of blue light from residual sunlight, which is then
converted into dim green fluorescence. In contrast, the energy
transfer from aequorin emission, which is rarely observed in
nature,[25] mainly seems to be of importance as a defense
mechanism.
The concentration-dependent spectral changes of wt-GFP can


be employed for in vivo aggregation studies. Specifically, the
quantitative analysis we have presented here could be em-
ployed to determine effective local GFP concentrations by
microspectroscopy. A method for the detection of homodime-
rization of fusion proteins by calculating the ratio of the wt-GFP
emission intensities observed at 397 nm and 476 nm has been
described previously.[15] Here, we have shown that the dimeriza-
tion of unfused wt-GFP leads to a sevenfold increase in the
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population ratio of the A form relative to the B form, as seen in
Figure 3. Similar behavior is also seen for the dimerization of a
fusion protein of wt-GFP with glutathione-S-transferase and for a
crosslinked wt-GFP.[15] The opposite effect, an increase of the B
form population at the expense of the A form population, was


observed for a second fusion protein of wt-GFP
with the FK506-binding protein (FKBP).[15] Based
on our results and excluding fluorescence
quenching by FKBP, we can conclude that in
this case the protein structure of wt-GFP must
be significantly influenced by the fusion, so that
the potential energy of the ground-state forms
of the GFP chromophore are shifted into
relative positions opposite to those in free wt-
GFP.


Conclusion


The results of the present study show that
suitable mutations of GFP at positions 203 and
222 can be used to selectively influence the
potential energy surface of its chromophore
states. The combination of the orthogonal
mutations Glu222Gln and Thr203Val selectively
stabilizes the I form and thereby makes this
transient intermediate of the wt-GFP photo-
cycle available for research. Neither mutation
influences the electronic spectra of the chro-
mophore. Knowledge of the I form spectrum at
room temperature can be used to quantita-
tively analyze the concentration-dependent
spectroscopic changes of wt-GFP. We demon-
strated that the B form is destabilized upon
dimerization, which results in an increased
spectral contribution by the A and I forms.
Concentration-dependent spectroscopy is sub-
sequently employed to determine the dimeri-
zation constant of wt-GFP. An empirical poten-
tial energy surface diagram representing the
relative stability of the three forms was derived.
A detailed understanding of the chromophore
equilibria and the dimerization process in GFP
as presented here sheds light on the biological
function of wt-GFP and provides a spectro-
scopic basis for its application to proximity
imaging.[15] Our work shows that potential
energy surfaces can be manipulated in a
controlled manner, even in the complex envi-
ronment provided by the protein.


Methods


Samples : The A. victoria GFP gene[27] was used as
described previously.[28] For cloning purposes, an
NcoI restriction site was introduced at the 5�-end of
the gene. The NcoI recognition sequence CCATGG


includes the start codon and thus use of this sequence results in a
change of the second amino acid from serine to glycine. At the C
terminus of the protein, an additional glycine residue was intro-
duced, followed by a His6 tag. The mutants were constructed by site-
directed mutagenesis [29] and expressed in Escherichia coli BL21 DE3.
The soluble fraction of the bacterial lysate was purified on Ni-NTA


Figure 4. Potential energy surface diagram for the three ground state forms A, B, and I of wt-GFP. a)
Change of the potential energy surface upon dimerization. The free energy differences derived from the
dimerization constants are indicated. b) Principle of potential energy surface engineering. The
orthogonal character of the mutation is indicated by the two coordinates r1 and r2 . r1 describes the
influence of hydrogen bonding on the potential energy of the A form of the chromophore, while r2
describes the influence of the side chain acidity at position 222 on the hydrogen bonding network and
on the potential energy of the B form of the chromophore.
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agarose columns as published before.[28] The samples were solubi-
lized in phosphate-buffered saline (pH 7.4, 4 mM KH2PO4, 16 mM


Na2HPO4, 115 mM NaCl). The protein concentrations were calculated
from the absorption at 280 nm.[29]


Spectroscopic measurements : Absorption spectra were determined
on a Uvikon 943 spectrophotometer (Kontron Instruments) with a
resolution of 2.5 nm. Excitation and emission spectra were measured
on a Hitachi 4500 fluorescence spectrometer with 2.5 nm resolution.
For concentration-dependent measurements, the solutions were
concentrated and serially diluted threefold. Absorption spectra were
measured with path lengths of 0.2, 2, and 10 mm, respectively.


Low-temperature experiments were done in a 90� geometry at 3 K as
described previously.[12] Briefly, the proteins were buffered in a 70%
glycerol/30% aqueous phosphate buffer mixture (pH 7.0). The
sample was diluted in buffer solution to a concentration of
approximately 10�6 molL�1 and used to fill quartz sample cells. The
sample was cooled in a flow cryosystem (Cryovac) to 3 K. The
emission of a Xe arc lamp (Oriel 66002), dispersed by a double
monochromator (Spex 1402) with a resolution of 0.03 nm, was used
for the fluorescence excitation spectra. The fluorescence was passed
through a suitable long-pass optical filter and detected with a GaAs
photomultiplier (C30034, Hamamatsu) and a photon counting
system (SR400/440, Stanford Research). To correct the spectra for
the characteristics of the arc lamp, all spectra were divided by the
lamp spectrum recorded with the same system. The fluorescence
spectra were obtained by illumination with various selected lines
from an Ar or Kr ion laser source (Coherent) and detected with the
double monochromator and the photon counting system.
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Gene Expression within Cell-Sized Lipid Vesicles
Shin-ichiro M. Nomura,[c] Kanta Tsumoto,[d] Tsutomu Hamada,[a]


Kazunari Akiyoshi,[c] Yoichi Nakatani,*[b] and Kenichi Yoshikawa*[a]


Functional protein synthesis was observed in cell-sized lipid
vesicles following encapsulation of a gene-expression system.
Expression of rsGFP (red-shifted green fluorescent protein)
within individual vesicles was observed by fluorescence micros-
copy. Interestingly, at the early stage of the reaction, the expres-
sion efficiency inside the vesicle was remarkably higher than
that in the solution outside. The synthesized rsGFP in indi-


vidual vesicles is safe from attack by proteinase K added to
the external aqueous solution. Studies on cell-sized vesicles
expressing protein should contribute to a fundamental under-
standing of certain aspects of living systems and will be useful
for practical applications, such as the construction of micro-
reactors.


Introduction


A cell enclosed by a biomembrane is the common unit structure
shared by all living organisms. This suggests that compartmen-
talization with a boundary between the inner space and the
outer environment is indispensable for life on Earth. The
biochemical and biophysical properties of the microenviron-
ment inside such a compartment are probably also advanta-
geous for life, judging from the fact that most living cells range
from 1±100 �m in size, despite the great diversity in the size of
the whole organism. Thus, it is reasonable to expect that
encapsulation of a set of biomolecules reacting reciprocally in
the primitive solution on Earth, such as RNAs, proteins, etc. ,
might have been the last important step leading to the advent of
a living system capable of reproducing itself.[1] Vesicles (lipo-
somes) formed from phospholipids have frequently been used
as models for living cellular structures, since they make an ideal
tool for investigating enclosed systems containing ongoing
biochemical processes, including the replication of RNAs,[2] the
polymerase chain reaction,[3] and polypeptide synthesis.[4] Thus,
tests on the encapsulation of gene-expression systems inside
cell-sized lipid vesicles would serve as an essential step in
understanding the formation of protocells.[5]


Recently, we reported that DNA molecules can be efficiently
entrapped within microscopically observable cell-sized vesicles
prepared by using a ™natural∫ swelling method.[6] We have also
verified that encapsulated T7 DNA molecules are transcribed
into RNAs inside such giant vesicles,[7] while another research
team succeeded in this using micropipette techniques.[8] As an
extension of these studies, we examined the efficient expression
of a rsGFP (red-shifted green fluorescent protein) gene in a giant
vesicle under the control of a T7 promoter. Compartmentaliza-
tion had dramatic effects: 1) gene expression takes place more
efficiently inside vesicles than outside, and 2) vesicles can
protect internal gene products from attack by an external
proteinase K.


Results and Discussion


Figure 1 shows the experimental setup. To obtain a giant vesicle
of about 5 �m, we used a natural swelling method that results in
the formation of cell-sized vesicles of DOPC/DOPG (10:1 molar
ratio) without aggregation, even under salty conditions, as
previously described.[9] The fluorescence properties of individual
cell-sized vesicles containing a cell-free gene expression system
were investigated by recording their microscopic fluorescence
images. Figure 2 shows microscopic images of an individual
giant vesicle with rsGFP gene expression. Specific rsGFP
fluorescence was emitted from the inside of a hollow vesicle ;
this is evidence of the functional folding of rsGFP. Dark-field
microscopy gives high-contrast light-scattering images of colloi-
dal particles, such as the membrane shape of the spherical
vesicle, in solution in real time. As shown in the dark-field images
in this figure, the interior of the vesicle was not crowded with
dense colloids, while the external solution contained inter-
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Figure 1. Schematic illustration of the equipment used to measure the time-
course fluorescence of vesicular images. Images of individual vesicles were
captured on a personal computer, and the fluorescence intensities were
measured.


spersed colloidal particles. From the integrated intensity of
fluorescence for the same area inside and outside the vesicles,
the level of expression was evaluated, as shown in Figure 3a. The
graph summarizes the degree of expression inside and outside
the vesicle under different experimental conditions. In the
absence of plasmid DNA as a control, the fluorescence intensity
remained low. An amino acid mixture devoid of methionine was
used in a second control experiment, since protein synthesis in
prokaryotes starts with formylmethionine. Thus, the fluores-
cence intensity remained at a basal low level, since no rsGFP
protein was expressed. The intensity of internal fluorescence was
greater than that on the exterior 3 h after the start of hydration;
this indicated that the concentration of expressed rsGFP inside
the vesicles was higher than that in the external environment
(Figure 2a). To observe the internally expressed rsGFP by
distinguishing it from that of the external solution, we per-
formed the measurement on a cross-section of the cell-sized
vesicle using of laser-scanning microscopy (LSM) (Figure 4). From
this measurement, it became clear that the concentration of
internal rsGFP was about ten times higher than that in the
external solution (see Supporting Information). The enhance-
ment of expression inside the vesicle may be due to the effective
accumulation of synthesized macromolecules (mRNA, proteins)
inside vesicles that occurs under the experimental conditions in
the present study.
On the other hand, the expression levels inside and outside


the vesicles were almost the same at 24 h after sample
preparation (Figure 2b). This result confirms that the compart-
mentalized vesicle affords the internal environment for the
effective synthesis of rsGFP. Although the detailed mechanism
for attaining such high efficiency is still unclear, two possible
factors can be considered: 1) biochemical substrates for the
transcription/translation may be more concentrated inside the
vesicle than the outside and 2) the efficiency of the enzymatic
reactions may be enhanced in �m-sized vesicular environments.
In relation to the former effect, we have recently found that the
density of the number of the DNA molecules is enhanced, at
least one order higher, in the intravesicular space relative to the


external solution. Such an enhancement of the DNA concen-
tration could be attributable to the local increase of osmotic
pressure due to the numerous counter ions, which accompany
the DNA molecule, being situated in a narrow space between
lipid layers.[10] As for the second possible factor, we propose an
enhancement of the surface effect in �m-sized vesicular system
due to the larger surface/volume ratio compared with a
centimeter-sized test tube. If enzymatic reactions are promoted
on the periphery of the membrane, the rate of gene expression
can be enhanced. Further studies are necessary to clarify the
mechanism of the high efficiency of gene expression in vesicular
environments.
To investigate the ability of the membrane to act as a barrier to


external chemicals, proteinase K was added to the solution on
the glass slide. Over several hours, proteinase K gradually
diffused into the solution. The fluorescence intensity outside of
the vesicles became weaker with the diffusion of proteinase K
(Figure 3b). As a control experiment, we monitored the change
in the fluorescence intensity inside and outside the vesicles by
adding a buffer solution without proteinase K. The results
confirmed that the fluorescence intensity outside the vesicle,
as well as that inside, remained almost constant, this indicates
that the lipid bilayer acts as a barrier to the penetration of
proteinase K into cell-sized vesicles.
Over the past few decades, there have been several studies on


biochemical reactions in small vesicles of less than 1 �m in
diameter.[11] However, only a few studies have examined the use
of giant vesicles containing biochemical processes.[12] Recently, a
few research groups have studied protein synthesis inside
vesicles. Oberholzer et al. used non-native RNA(poly(U)) as a
template for synthesis of the polypeptide poly(Phe),[4] in which
the translation reaction in the vesicles was measured by
radioactivity. Yu et al. reported an experimental trial to form
giant vesicles (eggPC/cholesterol/DSPE-PEG5000) in a solution
undergoing gene expression.[5] They confirmed this protein
synthesis by flow cytometry and fluorescence microscopy.
However, the difference in fluorescence intensity between the
inside and outside of individual vesicles has not been observed,
at least in a reliable manner.
In the present study, using direct fluorescence microscopic


observation, we obtained evidence of rsGFP protein synthesis
inside a single cell-sized vesicle formed by the natural swelling of
phospholipids, following encapsulation of the gene-expression
system. Our data show that transcription and translation
reactions of the GFP expression vector are more efficient within
a cell-sized vesicle than in the solution outside the vesicle. In
addition, we found that the GFP protein expressed inside the
vesicle is protected from proteolysis by proteinase K added to
the surrounding solution. Thus, we accomplished a series of
processes (encapsulation of DNA, transcription, and translation
within cell-sized vesicles) that might be indispensable for the
formation of proto-cells.
From a theoretical point of view, some studies have predicted


specific properties of an enclosed system with finite small
volume, implying the importance of such properties in biol-
ogy.[13] Further studies are necessary to obtain deeper insight
into the physico-chemical properties of compartmentalized
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systems at a micrometer scale and to understand the biological
significance of cell-sized systems.


Experimental Section


Giant-vesicle preparation : A solution of dioleoyl phosphatidylcho-
line (1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC; Alexis Bio-
chemicals; 10 mM) and dioleoyl phosphatidylglycerol (1,2-dioleoyl-
sn-glycero-3-phospho-rac-1-glycerol, DOPG; Sigma; 1 mM) in meth-
anol/chloroform (25 �L, 1:2 v/v ; absolute solvents) in a glass test tube
was left to dry overnight under vacuum to obtain lamellar lipid films.


The films were hydrated with cell-free transcription/trans-
lation solution (25 �L) at 37 �C; this is generally called the
™natural swelling method∫. For cell-free gene expression, we
adopted a PROTEINscript-PRO Kit (Ambion) with E. coli S30
extract and T7 RNA polymerase for coupled transcription/
translation, as originally developed by Zubay.[14] Plasmid
pQBI T7 (5115 bp; Nippon Gene) encoding a T7 promoter
and the rsGFP gene (�abs�473 nm / �em� 509 nm) was
dissolved in the transcription/translation mixture. The final
mixture was composed of E. coli S30 extract, 0.3� Master
Mix (MM), amino acid (0.1 mM; L-methionine from Nakalai
Tesque, otherwise from Ambion), plasmid DNA (20 ng�L�1),
and T7 RNA polymerase. Distilled water (Otsuka Pharma-
ceutical Factory) was used as nuclease-free water through-
out the experiments. The reaction solution was prepared on
ice to completely inhibit gene expression, according to the
protocol of this kit as supplied by the manufacturer, except
that the final concentration of MM was reduced (for better
vesicle formation). Reagents were used in the experiments
without further purification and treated with caution in
RNase-free conditions. The samples containing hydrated
lipid films were incubated at 37 �C.


Fluorescence microscopy : A cover glass was fixed at the
center of a glass slide with double-sided adhesive tape
(thickness ca. 0.5 mm). A suspension (30 �L) of vesicles
containing the transcription/translation reaction solution
was injected from one side of the space between the glass
slide and the cover glass. These microscope experiments
were carried out several times for each experimental
condition. A fluorescence microscope (E600, Nikon) with a
100 W high-pressure Hg lamp and a dark-field condenser
were used to observe the vesicles. A standard filter set
(41001, CHROMA; ex 460 ±500 nm, dichroic mirror 505 nm,
em 510±560 nm) was used to monitor the fluorescence of
rsGFP. The images were captured with a digital camera
(C4743-95, Hamamatsu Photonics) and recorded and ana-
lyzed with an image processor (Aqua Cosmos, Hamamatsu
Photonics).


Fluorescence quenching experiment : Proteinase K solu-
tion (10 �L, 200 �gmL�1) was injected from the other side of
the apparatus mentioned above (after 24 h incubation). The
two solutions were mixed gently at the center of the glass
slide.


Confocal laser-scanning microscopy : A fluorescent lipo-
philic tracer of 4-Di-10-ASP (ex 492 nm, em 612 nm;
Molecular Probes) was adopted to stain phospholipid
membranes in a specific manner. A solution of DOPC
(10 mM), DOPG (1 mM), and 4-Di-10-ASP (1 �M) in methanol/
chloroform (25 �L, 1:2 v/v ; absolute solvents) in a glass test
tube was allowed to dry overnight under vacuum to obtain


lamellar lipid films, which in turn were hydrated with the tran-
scription/translation solution (25 �L) for as long as three hours at
37 �C. An aliquot (10 �L) of the solution thus prepared was placed on
a glass slide and sealed by a cover glass with 30 ±60 �m depth. The
sample was immediately observed with a confocal laser-scanning
microscope (LSM inverted 510 equipped with a PlanApo63�
objective lens, Carl Zeiss). An argon laser (488 nm) was employed
to excite the GFP and 4-Di-10-ASP. The emitted fluorescence was split
into two different beams, 505 ± 515 nm for GFP and 560±615 nm for
4-Di-10-ASP; this allowed observation of the expressed protein and
membrane, respectively. The GFP concentration was estimated from
an analytical curve of LSM images of pure rsGFP solution (see
Supporting Information).


Figure 2. Images of a cell-sized vesicle observed 3 h and 24 h after the hydration of lipid
films. Top: fluorescence and dark-field microscopic images of the vesicle. Bottom: cross-
section profiles of the respective microscopic images. R.F.I.� relative fluorescence intensity,
L.S.I.� light-scattering intensity. The R.F.I. minus the background fluorescence level is given,
where the intensity in the solution without DNA is taken as the background level.
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Figure 3. a) Relative fluorescence intensities emitted from inside and outside individual giant vesicles containing expressed rsGFP protein. The effects of the addition of
proteinase K as well as two negative control experiments (DNA-free, methionine-free) are also shown. The area used to measure the fluorescence intensity is 3� 3 �m2


(�104 pixels). The fluorescence intensity is expressed as the mean value �SD (number of vesicles measured n� 20 ± 30). The relative fluorescence intensity is represented
as in Figure 2. b) Fluorescence image of rsGFP on a vesicle 60 min after the addition of proteinase K to the external solution. The vesicle was incubated for 24 h (as in
Figure 2b) before the addition of the proteinase.


Figure 4. Cross-sectional images of the giant vesicle observed by confocal laser
scanning microscopy. The vesicle was formed through hydration for 3 h at 37 �C,
similar to the conditions given in Figure 2a. Left : image on rsGFP (green),
indicating the expression within the vesicular space. Right : image on the
hydrophobic fluorochrome, 4-Di-10-ASP, indicating the spherical vesicular shape.
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A Cyclic CCK8 Analogue Selective for the Chole-
cystokinin Type A Receptor: Design, Synthesis,
NMR Structure and Binding Measurements
Stefania De Luca,[a] Raffaele Ragone,[b] Chiara Bracco,[c] Giuseppe Digilio,[c]


Luigi Aloj,[d] Diego Tesauro,[a] Michele Saviano,[a] Carlo Pedone,[a] and
Giancarlo Morelli*[a]


A cyclic CCK8 analogue, cyclo29,34[Dpr29,Lys34]-CCK8 (Dpr� L-2,3-
diaminopropionic acid), has been designed on the basis of the NMR
structure of the bimolecular complex between the N-terminal
fragment of the CCKA receptor and its natural ligand CCK8. The
conformational features of cyclo29,34[Dpr29,Lys34]-CCK8 have been
determined by NMR spectroscopy in aqueous solution and in water
containing DPC-d38 micelles (DPC�dodecylphosphocholine). The
structure of the cyclic peptide in aqueous solution is found to be in
a relaxed conformation, with the backbone and Dpr29 side chain
atoms making a planar ring and the N-terminal tripeptide
extending approximately along the plane of this ring. In DPC/
water, the cyclic peptide adopts a ™boat-shaped∫ conformation,
which is more compact than that found in aqueous solution. The
cyclic constraint between the Dpr29 side chain and the CCK8
carboxyl terminus (Lys34) introduces a restriction in the backbone
conformational freedom. However, the interaction of cyclo29,34-


[Dpr29,Lys34]-CCK8 with the micelles still plays an important role in
the stabilisation of the bioactive conformation. A careful compar-
ison of the NMR structure of the cyclic peptide in a DPC micelle
aqueous solution with the structure of the rationally designed
model underlines that the turn-like conformation in the Trp30 ±
Met31 region is preserved, such that the Trp30 and Met31 side
chains can adopt the proper spatial orientation to interact with the
CCKA receptor. The binding properties of cyclo29,34[Dpr29,Lys34]-CCK8
to the N-terminal receptor fragment have been investigated by
fluorescence spectroscopy in a micellar environment. Estimates of
the apparent dissociation constant, Kd , were in the range of 70 ±
150 nM, with a mean value of 120� 27 nM. Preliminary nuclear
medicine studies on cell lines transfected with the CCKA receptor
indicate that the sulfated-Tyr derivative of cyclo29,34[Dpr29,Lys34]-
CCK8 displaces the natural ligand with an IC50 value of 15 �M.


Introduction


Cholecystokinin (CCK) is a gut ± brain peptide that exerts a
variety of physiological actions in the gastrointestinal tract and
central nervous system. The CCK peptide exists in different
isoforms, which have different amounts of amino acids but are
characterised by a conserved eight-residue sequence at the C
terminal.[1, 2] The biological action of CCK is mediated by two
different membrane receptors, CCKA (or CCK-1) and CCKB (or
CCK-2), that belong to the superfamily of G-protein-coupled
receptors (GPCRs). These receptors are composed of seven
transmembrane-spanning �-helical domains (TM) connected by
alternating intracellular (IL) and extracellular loops (EL), with the
N-terminus tail located on the extracellular side and the
C-terminus tail on the cytoplasmic side. The CCKA and CCKB


receptors are located predominantly in the gastrointestinal tract
and the central nervous system, respectively.[3] There is consid-
erable interest in the pharmacology of the CCKA and CCKB


receptors and, during the last few years, increasing effort has
been put into developing selective CCK analogues endowed
with agonist or antagonist activity.[4, 5] Due to the fact that no
high-resolution structure of any GPCR protein is available, all
attempts to design CCK agonists and antagonists endowed with


enhanced selectivity towards the two receptors have been
relying on the fact that most of the endogenous CCK peptides
share the same C-terminal octapeptide (CCK26 ±33 or CCK8) and
that modification of this octapeptide affects binding affinity and
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selectivity for receptor subtypes.[1] On the basis of structure ±
activity relationships and conformational properties of this CCK8
fragment, several peptidic and nonpeptidic analogues have
been proposed.[4]


Recently, high-resolution structure information on the binding
mode of CCK8 to the CCKA and CCKB receptors has appeared in
the literature. This structural insight opens the way to a
structure-based approach for the design of new CCK analogues.
The NMR structure of the bimolecular complex between CCK8
and the N-terminal extracellular loop of the CCKA receptor
(fragment CCKA-R(1 ± 47)) has been solved by Pellegrini and
Mierke.[6] This study suggests that CCK8 binds to the CCKA


receptor with the C terminus of the ligand within the seven-
helix bundle and the N terminus projecting out between
transmembrane �-helices TM1 and TM7, thereby forming specific
interactions with the N terminus of the CCKA receptor. Succes-
sively, Giragossian and Mierke published[7] the NMR structure of
the complex formed by CCK8 with the third extracellular loop
(EL3) of the CCKB receptor, a structure that indicates a slightly
different binding mode of CCK8 with the two receptor subtypes.
An additional interaction between arginine residue 197 of the
CCKA receptor and the sulfate function present in [Tyr27(SO3H)]-
CCK8 (the sulfated-Tyr form of CCK8) has been recently
suggested.[8, 9] This interaction should be responsible for the
higher binding affinity and biological potency of the sulfated-Tyr
form of CCK8 toward the CCKA receptor, with respect to the
nonsulfated peptide. Interestingly, the presence of the sulfate
group does not affect the interaction between CCK8 and the
CCKB receptor. Thus, the sulfate function of [Tyr27(SO3H)]-CCK8 is
useful for the efficient recognition and activation of the CCKA


receptor.
The structural information available allowed us to design the


CCK8 analogue cyclo29,34[Dpr29,Lys34]-CCK8 (compound 1,
Scheme 1), whose bioactive conformation is expected to be
stabilised by a cyclic skeleton. To the best of our knowledge, this
is the first attempt to design a peptidic CCK analogue on the
basis of the structure of the bimolecular complex between the


Scheme 1. Amino acid sequence of CCK8 and of the cyclic analogue in its free (1)
and sulfated (2) forms. The adopted numbering scheme of 26 ± 33 follows that
of full-length CCK (a 33-residue-long peptide, with CCK8 being the C-terminal
octapeptide segment). The endogenous CCK8 peptide is amidated on the
C-terminal end.


CCKA receptor and its natural ligand. The solution structure of 1
has been worked out by NMR techniques and compared to the
structure adopted by CCK8 in the complex with the receptor
fragment CCKA-R(1 ± 47), while the binding properties of 1 to the
receptor fragment have been investigated by fluorescence
spectroscopy in a micellar environment. The binding properties
of the sulfated-Tyr derivative of 1 (compound 2, Scheme 1) have
been tested by preliminary nuclear medicine studies on cell lines
transfected with the CCKA receptor.


Results and Discussion


Peptide design


The starting point for the rational design of a CCK8 peptidomi-
metic agonist is the bimolecular complex between CCK8 and
fragment 1 ± 47 of the CCKA receptor (CCKA-R(1 ± 47), corre-
sponding to the N-terminal extracellular arm plus a few residues
belonging to the first TM1 helix). The structure of this complex
has been obtained by Pellegrini and Mierke by NMR spectros-
copy and molecular dynamics simulations in dodecylphospho-
choline (DPC) micelles (PDB code: 1D6G).[6] The elucidation of
the ligand ± receptor complex was built upon the detection of
intermolecular NOE interactions between Tyr27 and Met28 of
CCK8 and W39 of CCKA-R(1 ± 47). (Three letter amino acid codes
denote residues in the peptide ligand and single letter codes
denote receptor residues throughout the text.) The complex is
stabilised by a number of hydrophobic, coulombic and hydro-
gen-bonding interactions. The hydrophobic interactions are due
to the close proximity between the side chains of Tyr27 and P35/
W39, Met28 and W39/A42 and, finally, Met32 and L46. The
complex is further stabilised by the coulombic interactions
between Asp26 of the ligand and K37, E38, and Q40 of CCKA-
R(1 ± 47). Finally, hydrogen-bonding interactions are detected
involving the Met32 NH andMet32 COmoieties of CCK8 with the
Q43 CO� and Q43 NH� moieties of the receptor, respectively.
Analysis of the bimolecular complex underlines that the contact
region in the complex involves residues P33, P35 ±Q40, A42,
Q43, L46 and L47 of the receptor and segment Tyr27 ±Met31 of
the ligand. As far as the conformations of CCK8 and CCKA-R(1 ±
47) are concerned, it is worth noting that NMR data together
with extensive molecular dynamics simulations indicate that the
structures of the two separate molecules do not undergo major
conformational changes upon complex formation. CCK8 adopts
a conformation that is stabilised by a weak intramolecular 4�1
hydrogen bond between the Gly29 CO and Asp32 NH moieties,
with the formation of a �-turn-like structure.


The rational design of the CCK8 analogue has been done
according to the following considerations: 1) the conformational
features of the segment encompassing residues Tyr27 ±Met31,
which are critical for high-affinity receptor binding, should be
conserved, 2) the backbone flexibility of the new analogue
should be minimised to stabilise the bioactive conformation and
3) resistance to enzymatic degradation should be enhanced. To
match all these requirements we have introduced a cyclic
constraint into the covalent structure. Gly29 in CCK8 has been
replaced with an L-2,3-diaminopropionic acid (Dpr) residue to
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provide a side-chain amino group able to make a cyclic structure
through an amide bond. To introduce a cyclic constraint
between the Dpr29 side chain and the CCK8 carboxyl terminus
(Phe33) without modifying the CCK8 bioactive conformation,
one more residue had to be added to the C-terminal end of the
peptide. An L-lysine residue (Lys34) has been added to the
carboxyl terminus of Phe33 and then the lysine carboxyl
terminus has been linked to the �-amino group of the Dpr29
side chain. The choice of L-Lys was dictated by the possible use
of the lysine N� amino group to introduce further chemical
functionalities. (Conjugation to a chelating agent to obtain a
metal-labelled derivative is currently under development.) The
covalent structure of the rationally designed CCK8 analogue
cyclo29,34[Dpr29,Lys34]-CCK8 (1) is depicted in Scheme 1.


To check whether the conformation of cyclo29,34[Dpr29,Lys34]-
CCK8 was effectively endowed with the structural requirements
for high-affinity binding, a model of the bimolecular complex
between cyclo29,34[Dpr29,Lys34]-CCK8 and CCKA-R(1 ± 47) has been
built by analogy to the complex of CCK8/CCKA-R(1 ± 47). This
model was energy minimised to refine the complex structure
(Figure 1) by following a two-step procedure. Firstly, the
cyclo29,34[Dpr29,Lys34]-CCK8 compound was minimised to elimi-
nate any ™hot spots∫ introduced in the design stage. During this
step all receptor residues were kept fixed at their original
positions. Then, the restraints were removed and a further
energy minimisation was performed. The minimised model
keeps all the desired key interactions. The energy-minimised
cyclo29,34[Dpr29,Lys34]-CCK8 structure has been superimposed
onto the CCK8 experimental struc-
ture to show the degree of sim-
ilarity between the designed and
template molecules (Figure 2). The
analysis of the conformation of
each residue in both peptides
shows that only Phe33 in cyclo29,34


[Dpr29,Lys34]-CCK8 presents a large
deviation from the conformation
assumed in CCK8. This distortion is
partially due to the cyclic con-
straint introduced into the mole-
cule and is not expected to inter-
fere with receptor binding.


Peptide synthesis


The linear precursors of the cyclic
compounds 1 and 2 were synthe-
sised by the solid-phase method
with standard 9-fluorenylmethoxy-
carbonyl (Fmoc) chemistry. The
tyrosine derivative Fmoc-Tyr(SO3H)
barium salt was used in the case of
peptide 2. For both peptide syn-
theses the orthogonally protected
Fmoc-Dpr(Dde)-OH residue was
used (Dde�1-(4,4-dimethyl-2,6-di-
oxo-cyclohexylidene)-3-methylbut-


yl). The superacid-labile 2-chlorotrityl chloride resin was used in
order to obtain the whole peptides completely protected upon
cleavage from the resin. In both cases the Dpr �-NH2 groups
were deprotected from Dde before cleavage. This procedure
allowed us to obtain peptides with the Dpr �-NH2 and C-terminal
carboxyl groups free from protecting groups and ready for N�C
cyclisation. Cyclisation was performed in CH2Cl2 by using
benzotriazole-1-yloxy-trispyrrolidinophosphonium (PyBOP) as
the carboxyl group activant and N,N-diisopropylethylamine
(DIPEA) as the base. The cyclic peptide 1 was completely
deprotected on the amino acid side chains by using standard
procedures and was purified by HPLC. The final yield of product
1 was 20%. To minimise the loss of sulfate groups during the


Figure 2. Structures of: A) CCK8 in the CCK8/CCKA-R(1 ± 47) complex (ref. [6] ; PDB code: 1D6G), B) cyclo29,34


[Dpr29,Lys34]-CCK8 (energy-minimised theoretical model), C) cyclo29,34[Dpr29,Lys34]-CCK8 (NMR structure in DPC/water
solution). D) Stereoview of the structures shown in (A), (B) and (C) in the same orientation after the best superposition.


Figure 1. Molecular models of a) the CCK8/CCKA-R(1 ± 47) complex (ref. [6] ; PDB
code: 1D6G) and b) the theoretical Cyclo29,34[Dpr29,Lys34]-CCK8/CCKA-R(1 ± 47). The
CCKA-R(1 ± 47) section is represented with a ribbon.
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final deprotection of peptide 2, the protected cyclic peptide was
treated with a mixture of CF3COOH/H2O/2-methylindole/m-
cresole (87:10:2:1) for 16 hours at �4 �C.[10] No significant loss
of sulfate was observed and after HPLC purification the yield was
13%. The purity and identity of the resulting peptides were
confirmed by analytical reversed-phase HPLC (RP-HPLC) and
MALDI-TOF mass spectrometry.


1H NMR studies


The 1H NMR structure of cyclo29,34[Dpr29,Lys34]-CCK8 (1) has been
solved both in aqueous solution and in water containing DPC-d38


micelles.
Aqueous solution : The NMR spectra of cyclo29,34


[Dpr29,Lys34]-CCK8 in aqueous solution at pH 6.4 are character-
ised by sharp resonances within the temperature range 285 ±
310 K, apart from that of the Tyr27 HN moiety which is
broadened because of chemical exchange. An expansion of
the aromatic/amide region of the 1H NMR spectrum of cyclo29,34[-
Dpr29,Lys34]-CCK8 (1.4 mM, H2O/D2O 94%, pH 6.4, T�285 K) with
resonance assignment is shown in Figure 3 (top trace), while
chemical shifts are listed in Table 1. Sequential assignment
revealed a single resonance for each proton, a fact indicating
that conformational averaging processes (if any) must be fast on
the chemical shift timescale. Despite the small size of the
peptide, NOESY spectra (mixing time: 300 ±450 ms) showed
cross-peaks having the same sign as diagonal peaks, which


Figure 3. Expansion of the aromatic/amide regions of the 1H NMR spectra of
cyclo29,34[Dpr29,Lys34]-CCK8 (1.4 mM, H2O/D2O 94%, pH 6.4, T� 285 K) in aqueous
solution (top) and in the presence of 174 mM DPC-d38 (bottom), with resonance
assignments.


Table 1. 1H NMR chemical shifts of cyclo29,34[Dpr29,Lys34]-CCK8 in aqueous solution and DPC/water solution at 285 K.[a]


Residue 1H atom Chemical shift in:
water[b] DPC/water[c]


Asp26 H� 4.14 4.23
others 2.77/2.66 (H�) 2.81/2.73 (H�)


Tyr27 HN 8.69 9.2
H� 4.53 4.11
others 2.99 (H�), 7.11 (H�), 6.81 (H�) 2.94/2.86 (H�), 7.04 (H�), 6.78 (H�)


Met28 HN 8.28 8.18
H� 4.31 4.21
others 1.82 (H�), 2.35/2.30 (H�), 1.94 (H�) 1.69 (H�), 2.32/2.20 (H�), 1.97 (H�)


Dpr29 HN 8.11 7.99
H� 4.39 4.46
others 3.56 (H�), 7.89 (H�) 3.77/3.43 (H�), 8.19 (H�)


Trp30 NH 8.17 8.47
H� 4.66 4.60
others 3.26 (H�), 7.25 (H�1), 7.58 (H�3),


10.22 (H�1), 7.13 (H�3), 7.48 (H�2), 7.21 (H�2)
3.24 (H�), 7.22 (H�1), 7.49 (H�3), 10.60 (H�1),
6.98 (H�3), 7.44 (H�2), 7.06 (H�2)


Met31 NH 8.10 8.62
H� 4.17 4.26
others 1.82/1.68 (H�), 1.99/1.91 (H�), 2.00 (H�) 2.05/1.95 (H�), 2.44/2.31 (H�), 2.06 (H�)


Asp32 NH 8.17 8.00
H� 4.29 4.46
others 2.62/2.65 (H�) 2.80/2.64 (H�)


Phe33 NH 8.21 8.15
H� 4.36 4.33
others 3.22/3.19 (H�), 7.22 (H�1), 7.36 (H�1), 7.30 (H�) 3.27/3.24 (H�), 7.27 (H�1), 7.35 (H�1), 7.34 (H�)


Lys34 NH 8.04 8.15
H� 4.22 4.29
others 1.81/1.66 (H�), 1.15 (H�), 1.58 (H�), 2.93 (H�) 1.80/1.68 (H�), 1.23 (H�), 1.62 (H�), 2.94(H�)


[a] The assignment of diastereotopic atom pairs is not stereospecific. [b] Conditions: 1.4 mM cyclo29,34[Dpr29,Lys34]-CCK8, H2O/D2O 90%, pH 6.4, T� 285 K.
[c] Conditions: 1.4 mM cyclo29,34[Dpr29,Lys34]-CCK8, 174 mM DPC-d38 , H2O/D2O 90%, pH 6.4, T� 285 K.
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indicates that the correlation time for molecular motions falls in
the slow motion regime (negative NOE). To gain more insights
into the structural features of cyclo29,34[Dpr29,Lys34]-CCK8 a
conformation analysis of the compound has been performed
based on geometric constraints derived from NOE measure-
ments. The NOESY spectrum acquired at 285 K with a mixing
time of 450 ms was used to derive the geometric constraints, as
these conditions represented the best compromise between
sensitivity and minimisation of artefacts due to spin diffusion.
The analysis of this NOESY spectrum allowed for the derivation
of a total of 75 meaningful geometric constraints to be used in
structure optimisation (see Table 2). Only two nonsequential
NOE interactions were found (Tyr27 H�/Dpr29 H� and Asp32 H�/
Lys34 HN), apart from those NOE interactions involving residues
that are adjacent because of the cyclo moiety (NOE interactions
between residues Dpr29 and Lys34). The absence of relevant
constraints other than intraresidue or sequential ones may be
due to the combination of both conformational flexibility and
unfavourable molecular size. However, the fact that a ROESY
experiment (mixing time: 350 ms) provided no correlations other
than those found in the NOESY spectra suggests that flexibility is
the major cause for the low number and intensity of the NOE
signals. In analogy to cis peptide bonds, the absence of NOE
interactions between the Lys34 H� and Dpr29 H� protons
suggests a trans geometry of the amide bond closing the cyclic
moiety between Dpr29 and Lys34. The trans geometry of this
bond has been confirmed as follows. Initially, 40 random
conformers of 1 were built with trans geometries at the


Dpr29/Lys34 amide bond and subjected to unconstrained
molecular dynamics simulations and energy minimisation. This
operation was repeated for another set of 40 conformers on
which a cis geometry was imposed. The analysis of the trans
structures revealed characteristically short average distances
between the Dpr29 H� and Lys34 HN protons (average 2.6, min
1.7, max 3.8 ä) and between the Dpr29 H� and Lys34 H� protons
(average 2.9, min 2.2, max 3.6 ä). On the other hand, the
corresponding distances in the cis structures were found to be
significantly longer (by 1 ä or more). As the upper limit distances
obtained by the NOE measurements are very close to those
expected for a trans geometry (3.0 ä for Dpr29 H�/Lys34 HN,
3.5 ä for Dpr29 H�/Lys34 H�), it is concluded that in aqueous
solution 1 adopts a trans geometry, in agreement with the
known higher stability of trans geometries. Thus, all subsequent
calculations have been performed by keeping the trans geom-
etry fixed. The solution structure of 1 has been obtained by
generating 800 conformers of 1 and optimizing each of them by
constrained TAD and simulated annealing. A subgroup of 30
conformers showing the lowest target functions was then
selected out of the bundle of acceptable optimised conformers
for further energy minimisation and structure analysis. This
subgroup of structures showed a good nonbonded geometry
and good consistency with the NOE-derived constraints, as
testified by 1) the low target function values (average 0.06 ä2),
2) the absence of significant violations of van der Waals
constraints and 3) the absence of violations larger than 0.2 ä
for the NOE-derived upper limit distances. These structures were


refined further by 50-ps con-
strained molecular dynamics at
a temperature of 300 K followed
by energy minimisation. The re-
finement step was carried out in
vacuo with the AMBER force
field, which allows for a more
detailed treatment of the ener-
getic terms due to nonbonded
interactions. A superposition of
15 optimised structures where
the root mean square deviation
(RMSD) between the heavy
atoms of the cyclic backbone
(residues 29 ± 34) have been
minimised is shown in Figure 4.
The RMSD between the back-
bone atoms of residues 27 ± 34
was 1.28 ä, whereas it decreased
to 0.67 ä when calculated over
the cyclic part of the peptide
(residues 29 ±34). The analysis
for the short-range order
(RMSDs calculated over the su-
perposition of three-residue seg-
ments) indicated that the struc-
tures showed a relatively good
definition of the backbone con-
formation within the cyclic moi-


Table 2. Summary of the NMR-derived constraints used for torsion angle dynamics (TAD) with simulated annealing
calculations and results from structure optimisation of cyclo29,34[Dpr29,Lys34]-CCK8.


Water DPC/water
T�285K[a] T� 300K[b]


Interproton upper distance bounds from NOEs:
total number 75 89
intraresidue 42 50
i, i� 1 25 36
i, i� 2 2 3
i, i� 3 0 0
i, i� 4 0 0
i, i� 5[c] 6 0


Structure calculation:[d]


residual target function� SD[e] [ä2] 0.057�0.008 0.055�0.009
violations of upper distance bounds:[f]


� 0.2 ä 0 0
� 0.1 ä 2 1
violations of Van der Waals lower bounds:[f]


� 0.1 ä 0 0


global RMSD� SD[e] [ä]:[d]


segment 27 ± 34 (backbone) 1.28� 0.41 0.97� 0.37
segment 27 ± 34 (heavy atoms) 3.00� 0.74 2.62� 0.70
segment 29 ± 34 (backbone) 0.67� 0.29 0.31� 0.15
segment 29 ± 34 (heavy atoms) 2.19� 0.65 1.36� 0.31
segment 29 ± 31 (backbone) 0.31� 0.13 0.08� 0.04
segment 29 ± 31 (heavy atoms) 1.55� 0.72 0.65� 0.23


[a] Conditions: 1.4 mM cyclo29,34[Dpr29,Lys34]-CCK8, H2O/D2O 94%, pH 6.4, NOESY mixing time of 450 ms.
[b] Conditions: 1.4 mM cyclo29,34[Dpr29,Lys34]-CCK8, 174 mM DPC-d38 , H2O/D2O 94%, pH 6.4, NOESY mixing time
of 150 ms. [c] All of them are between Dpr29 and Lys34. [d] Statistics calculated over an group of thirty structures
endowed with a minimal residual target function. [e] SD� standard deviation. [f] Violations consistently found in
at least one-third of the analysed structures.
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Figure 4. NMR structures of cyclo29,34[Dpr29,Lys34]-CCK8 obtained by means of
torsion angle dynamics (TAD) with simulated annealing, restrained molecular
dynamics and energy minimisation. A), B) Superposition of 15 structures obtained
in aqueous solution (A) and in DPC/water (B). The RMSD between heavy atoms
belonging to the cyclic part of the molecule (backbone atoms of segment 29 ± 34
and side-chain atoms of Dpr29, thicker lines) has been minimised. In A) and B) the
side chains of Trp30 and Met31 are also shown. C) ,D) Comparison between the
structures of cyclo29,34[Dpr29,Lys34]-CCK8 in aqueous solution (15 structures, grey)
and those in DPC/water (15 structures, black). Two different views are given. The
backbone and the Dpr29 ± Lys34 bridge are shown with thicker lines. All 30
structures were superposed to minimise the RMSD between heavy atoms
belonging to the cyclic part of the molecule (backbone atoms of segment 29 ± 34
and side-chain atoms of Dpr29).


ety (Figure 5), even though no regular secondary structure
motifs could be clearly identified. An ill-defined turn-like
structure may be envisaged to encompass residues 31 ±34, as
characteristic Phe33 HN/Lys34 HN, Phe33 H� ±H�/Lys34 HN and
Asp32 H�±H�/Phe33 HN NOE interactions have been found,
together with a Lys34 3JHN±H� value of 4.8 Hz. However, the rather
high temperature coefficient the of Lys34 HN proton, the
relatively long Phe33 HN/Lys34 HN distance and the fact that
only 40% of the refined structures show a hydrogen bond
between the Lys34 HN and Met31 COmoieties indicates that this
turn is distorted and is probably subjected to conformational
averaging.


DPC micelles : On going from an aqueous to a DPC micelle
solution (174 mM DPC-d38), a general increase in the line width of
the proton resonances and a remarkable change in the chemical
shift values of a large number of resonances are observed, facts
indicating that the peptide interacts with the micelles (Figure 3).
This interaction is quite strong, as indicated by the severe line
broadening observed when 3.2 mM 5-doxylstearate (5-DS) is
added to the micelles (see below). Although the line width


Figure 5. Plot of the atomic backbone RMSDs (solid symbols : backbone heavy
atoms; open symbols : all heavy atoms) calculated over the superposition of
consecutive three-residue segments against the position of the segment in the
amino acid sequence. Squares : in water, circles : in DPC/water. The RMSDs were
calculated over superposition of thirty structures.


increased, it was still possible to assign almost all of the
resonances. As in the case of the aqueous solution, no
appreciable changes in the line widths and a single signal for
each proton were observed within the temperature range 285 ±
310 K. To assess whether the micelles could stabilise a prefer-
ential conformation, the structure of the compound has been
worked out on the basis of geometric constraints obtained from
a NOESY spectrum acquired with a mixing time of 150 ms (T�
300 K). Line broadening and signal overlap actually made the
assignment or integration of a number of NOE peaks somewhat
ambiguous. Unfortunately, spectral overlap between the Dpr29
H� and Lys34 HN signals hampered the direct assessment of the
conformation around the Dpr29/Lys34 amide bond. A trans
geometry was assumed on the basis of the absence of NOE
interactions between the Lys34 H� and Dpr29 H� protons.
Ambiguously assigned peaks, including those involving the
Dpr29 H� and Lys34 HN protons, were not considered for
structure optimisation. Nevertheless, a total of 89 meaningful
constraints were obtained from NOE measurements, a number
significantly bigger than that found in aqueous solution
(Table 2). This indicates that 1) the peptide structure is made
more rigid by the interaction with the micelles and/or 2) the
interaction with the micelles definitively pushes the correlation
times for molecular motions into the slow motion regime, thus
increasing the sensitivity of the NOE measurements. However
the low number of nonsequential or nonintraresidue NOE
interactions indicates the absence of well-defined regular
secondary structure motifs. Structure optimisation was executed
by following essentially the same protocol as that used to obtain
the structure in water. The calculations converged to a group of
structures that were highly consistent with the input constraints
and were also characterised by good steric consistency (the
average target function was 0.055 ä2, calculated over a subgroup
comprising the best 30 structures). A superposition of 15
optimised structures, where the RMSD between the heavy
atoms of the cyclic backbone (residues 29 ±34) has been
minimised, is shown in Figure 4. The RMSD between the
backbone atoms of residues 27 ± 34 was 2.42 ä, whereas it
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decreased to 0.31 ä when calculated over the cyclic part of the
peptide (residues 29 ±34). The structure of cyclo29,34[Dpr29,Lys34]-
CCK8 in DPC/water appears to be more well defined than that
obtained in aqueous solution, as is clear from the comparison of
the backbone and the all-heavy-atoms RMSDs calculated over
three-residue segments (Table 2, Figure 5). Remarkably, a mini-
mum in the RMSD (all heavy atoms) is observed in segment 29 ±
34, thereby indicating a higher degree of conformational order
not only in the cyclic moiety (the side chain of Dpr29 closes the
ring) but also in the conformation of the side chains of Trp30 and
Met31. This conformational order may be induced by the
interaction with the micelle. To assess whether a given residue
has a preferential role in interacting with the micelle surface,
5-DS was added to the cyclo29,34[Dpr29,Lys34]-CCK8/DPC micelle
system. Under our experimental conditions ([DPC]� 174 mM, [5-
DS]� 3.2 mM), 5-DS has been shown to completely insert within
DPC micelles without causing an appreciable modification of
their structure, with each micelle containing no more than one
molecule of spin label.[11] Upon addition of 5-DS, a broadening of
the peptide resonances is generally observed, which confirms
the strong interaction between the peptide and the micelle.
Measurements of T1 relaxation times for the signals in the amide/
aromatic region showed that the signals of the Trp30 indole ring
were most affected by the addition of 5-DS. This finding
supports the view that the Trp30 side chain makes contacts with
the membrane and provides an explanation for the restriction of
conformational freedom of the Trp30 side chain.


Further evidence about the structure-promoting role of the
peptide/micelle interaction can be obtained by analysis of the
amide proton chemical shift temperature coefficients ��/�T
(Figure 6). In the aqueous solution, these coefficients are always
negative (chemical shifts decrease as the temperature increase)
and show relatively modest variations along the amino acid
sequence (��/�T values fall between �5.9 and �2.9 ppbK�1).


Figure 6. Temperature coefficients of the amide protons (	�/	T in ppbK�1) of
cyclo29,34[Dpr29,Lys34]-CCK8 against the position of the residue in the amino acid
sequence. Squares : in water, circles : in DPC/water.


This finding indicates that ��/�T coefficients are essentially
dominated by the rate of chemical exchange between the amide
protons and the solvent and that the molecule is rather flexible.
In the presence of DPC micelles, the spreading of the ��/�T
values between different amide protons significantly increases,
with the amide protons of Dpr29 and Asp32 having slightly


positive values and those of Tyr27 and Met31 having very large
negative values. In this case, the temperature coefficients do not
show a clear correlation with hydrogen bonding or solvent
protection as far as can guessed from the NMR structure. For
instance, calculation of hydrogen bonds or solvent accessibility
for each of the amide protons belonging to the cyclic moiety
(segment 29 ±34) indicate that such protons are uniformly
shielded from solvent; nevertheless, they show a large variability
in their temperature coefficient. Moreover, the Met28 HN proton
shows a very small ��/�T value, despite the fact that it is not
involved in any significant hydrogen-bonding interactions. Thus,
the shielding of the amide protons from solvent exchange must
be essentially dominated by the interaction between the
peptide and the micelle, rather than by intramolecular inter-
actions. The fact that ��/�T coefficients in the DPC micelle
solution show larger variations than in aqueous solution
indicates that the interaction with the micelle leads to a larger
differentiation of the chemical environment around each of the
amide protons and, hence, to a structure that is more rigid than
in aqueous solution.


In summary, the cyclic moiety in aqueous solution adopts a
relaxed conformation, with the backbone and Dpr29 side-chain
atoms making a planar ring and the first three N-terminal
residues extending approximately along the plane of the ring
(Figure 4). In DPC/water, the cyclic moiety adopts a ™boat-
shaped∫ conformation, that is more compact than that found in
aqueous solution. The three-residue N-terminal tail extends
outside the plane of the ring, even though the exact conforma-
tion of the N-terminal dipeptide segment could not be uniquely
be defined because of the lack of significant NOE interactions.
Although the cyclic constraint between the Dpr29 side chain and
the CCK8 carboxyl terminus (Lys34) introduces a restriction of
backbone conformational freedom, the interaction with the
micelles still appears to play an important role in the stabilisation
of the bioactive conformation, at least within the region
encompassing residues Trp30 and Met31. Comparison of the
NMR structure in DPC/water with that of the designed model
(Figure 2) underlines that, within the cyclic moiety, the turn-like
conformation in the Trp30±Met31 and Phe33 ± Lys34 regions is
preserved. (The backbone heavy-atom RMSD calculated from
the best superposition of the cyclic moiety has a value of 0.78 ä.)
This important feature, observed in the DPC/water environment,
brings the side chains of Trp30 and Met31 into the proper spatial
orientation to interact with the CCKA receptor. The fact that the
cyclic analogue maintains the correct conformation is further
supported by a comparison between the NMR structures of
cyclo29,34[Dpr29,Lys34]-CCK8 and CCK8[6] (Figure 2). The RMSD after
the best superposition of backbone heavy atoms within seg-
ment Trp30 ±Asp32 is 0.45 ä.


Fluorescence spectroscopy


The excitation wavelength used for fluorescence titrations was
the same as that previously adopted to monitor the binding of
nonsulfated CCK8 to CCKA-R(1 ± 47)[12] because cyclo29,34-
[Dpr29,Lys34]-CCK8 contains the same fluorophores as those
contained in CCK8 (one Phe, one Tyr and one Trp residue). Thus,
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considering that the Phe and Tyr chromophores absorb
negligibly at wavelengths higher than 270 and 290 nm, respec-
tively, fluorescence was excited at 295 nm, where it can be
assumed that emission spectra originate only from the Trp
residue. Experiments were performed in the presence of sodium
dodecylsulfate (SDS) at a concentration of 6 ± 8 mM, which is
close to the critical micellar concentration of SDS in pure water
as measured by fluorescence spectroscopy.[13, 14] At the ionic
strength of the titration experiments, it was found that the
micellar aggregation of SDS, occurring at �5 mM, overlapped
with secondary and tertiary structural rearrangements of CCKA-
R(1 ± 47). It was then inferred that the detergent binds to CCKA-
R(1 ± 47) in micellar form, thus mimicking a membrane-like
environment.[12] Figure 7 shows a typical saturation experiment,
performed under the conditions described above. Unlike
CCK8,[12] the fluorescence signal increased, but modifications


Figure 7. Binding of cyclo29,34[Dpr29,Lys34]-CCK8 to CCKA-R(1 ± 47). The concen-
tration of the receptor fragment was 0.98 �M (in 10 mM phosphate buffer (pH 7.2)
with 6 mM SDS). Fluorescence intensities at 335 nm were smoothed as described in
the text. The binding curve was generated by using the mean value of Kd (120 nM),
as estimated from Equation (2).


originating from binding were still small in comparison to the
separate contributions of cyclo29,34[Dpr29,Lys34]-CCK8 and CCKA-
R(1 ± 47). In any case, binding curves from several experiments,
obtained with receptor concentrations of 0.49 ± 2.40 �M, were
independent of the emission wavelength chosen to perform the
calculations. Estimates of the apparent dissociation constant, Kd ,
were in the range of 70 ± 150 nM with a mean value of 120�
27 nM, which is about half of the Kd value for CCK8 binding to
CCKA-R(1 ± 47).[12]


The range of affinities found for the binding of several linear
CCK8 analogues to B-type pancreatic receptors is submicromo-
lar[15] and thus compares well with our values for the binding of
linear nonsulfated CCK8[12] and cyclo29,34[Dpr29,Lys34]-CCK8 to
CCKA-R(1 ± 47). However, the affinities of C-terminal-sulfated
CCK8 toward CCKA and CCKB receptors are nanomolar[16] and


the interaction of both sulfated and nonsulfated cyclic CCK8
analogues with B-type binding sites is characterised by sub-
nanomolar dissociation constants.[15] It seems reasonable that
these differences are, to a large extent, attributable to the
structure of the CCKA-R(1 ± 47) fragment, which however is a
reliable model system to monitor the ability of the newly
synthesised CCK analogue to bind the cholecystokinin receptors.


Preliminary biological assay


A preliminary biological assay was performed in order to verify
the binding ability of the cyclic CCK8 analogue towards the
entire CCKA receptor expressed in cultured cells. For these
experiments the sulfated peptide derivative, cyclo29,34[Tyr27-
(SO3H),Dpr29,Lys34]-CCK8 (2) was used. In fact, the presence of
the sulfate moiety on the Tyr27 side chain should give an
additional interaction with R197 of the CCKA receptor. The R197
residue does not belong to residues 1 ± 47 of the N-terminal end;
this justifies the use of the nonsulfated peptide when the
fragment CCKA-R(1 ± 47) is used as the receptor model and the
use of the sulfated derivative for binding measurements to the
entire receptor. The binding measurements were obtained by
competition with the labelled linear peptide [111In]DTPAGlu-Gly-
[Tyr27(SO3H)]-CCK8 (DTPAGlu�N,N-bis[2-[bis(carboxyethyl)ami-
no]ethyl]-L-glutamic acid), which displays a high affinity for the
CCKA receptor (Kd�10-9M). The data obtained (Figure 8) show a
typical pattern of competitive interaction with reduction in
binding of the radiolabelled tracer at relatively high concen-
trations of the unlabelled cyclo29,34[Tyr27(SO3H),Dpr29,Lys34]-CCK8.
Fitting of the data yielded a 50% inhibitory concentration (IC50)
of 15 �M.


Conclusion


The NMR structure of the complex between CCK8 and the CCKA-
R(1 ± 47) receptor fragment reported by Pellegrini and Mierke[6]


allowed us to design a CCK8 analogue, cyclo29,34[Dpr29,Lys34]-
CCK8, whose backbone conformation is stabilised because of the
cyclic skeleton. To the best of our knowledge, this is the first
attempt to synthesise a cyclic agonist of CCK8 based on the
structural knowledge of the bimolecular complex between the
CCKA receptor and its natural ligand. Binding of cyclo29,34-
[Dpr29,Lys34]-CCK8 to the receptor fragment CCKA-R(1 ± 47),
measured by fluorescence quenching of the tryptophan residue,
is characterised by a dissociation constant in the submicromolar
range, not so far from that of the nonsulfated CCK8 ligand.[12] The
experimental structure of cyclo29,34[Dpr29,Lys34]-CCK8 (obtained
in DPC/water) confirms the presence of a turn-like conformation
in the Trp30 ±Met31 region, as predicted by the structure-based
drug design. This structural motif enables the Trp30 and Met31
side chains to adopt a suitable spatial orientation for interaction
with the CCKA receptor. The cyclic constraint between the Dpr29
side chain and the CCK8 carboxyl terminus (Lys34) introduces a
restriction in the backbone conformational freedom, although
the interaction with micelles still appears to be important to
further stabilise the bioactive conformation. NMR structural data
also indicate that the Lys34 N� amino group and the N-terminal
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amino group extend towards a region that is expected not to be
crucial for receptor binding. Both positions are therefore suitable
for the introduction of a chelating agent to obtain metal-labelled
derivatives. The structural characterisation of cyclo29,34[-
Dpr29,Lys34]-CCK8 is an important starting point for the design
of new cyclic analogues endowed with improved in vitro and in
vivo binding to cells that overexpress the CCKA receptors.


Experimental Section


Design : Energy minimisations were carried out with the program
DISCOVER, version 2.98, implemented in the BIOSYM software
package. Calculations were performed by using the consistent
valence force field (CVFF)[17±19] without cross- and Morse terms on a
Silicon Graphics Octane workstation. The package INSIGHT/DISCOV-
ER (Biosym Technologies, San Diego, CA), version 2000, was em-
ployed for model-building procedures, as a graphic interface, and for
energy-minimisation procedures. The minimisation was carried out
by using the conjugate gradient method until the energy difference
between two subsequent steps was lower than 0.01 kJmol�1.


Peptide synthesis : The 47 residue peptide CCKA-R(1 ± 47) was
synthesised in our laboratory as previously reported.[12] DTPAGlu-
Gly-[Tyr27(SO3H)]-CCK8 was purchased from INBIOS srl (Pozzuoli,
Italy).


Cyclo29,34[Dpr29,Lys34]-CCK8 (1), the cyclic peptide analogue of the
natural ligand CCK8, was prepared by solid-phase methods, with
standard Fmoc procedure on a fully automated Shimadzu SPPS-8
peptide synthesiser followed by peptide cyclisation and side-chain
deprotection in solution.


The first amino acid residue, Fmoc-Lys(Boc)-OH (Boc� tert-butoxy-
carbonyl), was coupled to 2-chlorotrityl chloride resin
(0.82 mmolg�1) under basic conditions (4 equiv DIPEA) in CH2Cl2 .
After removal of the Fmoc protecting group with 20% piperidine in
N,N-dimethylformamide (DMF), the peptide chain was constructed
by sequential coupling and deprotection of the following Fmoc-


protected amino acid derivatives: Fmoc-Phe-OH, Fmoc-
Asp(OtBu)-OH, Fmoc-Met-OH, Fmoc-Trp(Boc)-OH,
Fmoc-Dpr(Dde)-OH, Fmoc-Met-OH, Fmoc-Tyr(tBu)-
OH. The amino acid derivative for the final coupling
was Boc-Asp(OtBu)-OH. All couplings were performed
twice for 2 h, by using an excess of 4 equiv for the single
amino acid. The �-amino acids were activated in situ
by the standard pyBOP/1-hydroxy-1H-benzotriazole
(HOBt)/DIPEA procedure. After completion of the syn-
thesis the resin was treated twice for 10 min with 2%
hydrazine in DMF in order to remove the Dde group
from the Dpr residue �-NH2 function. The deprotection
procedure was shown to be complete by a ninhydrin
test.


The linear peptide was cleaved from the solid support
by suspending the resin in 1% CF3COOH in CH2Cl2 with
stirring for 1 min. The resin was then filtered and the
filtrate was poured into 10% pyridine in CH3OH. This
procedure was repeated 10 times. After being filtered,
the mixture was concentrated under reduced pressure
and the crude product was isolated by precipitation
into cold water. The precipitate was collected by
centrifugation and dried in vacuo (over P2O5 pellets).


The protected peptide was then cyclised in CH2Cl2 by
PyBOP/DIPEA activation with stirring for 5 h. After


removal of the solvent under reduced pressure, the peptide was
fully deprotected with CF3COOH/H2O/1,2-ethanedithiol (94:4:2) over
3 h. The solution was then concentrated and the crude product was
isolated by precipitation into cold diethyl ether. The precipitate was
collected by centrifugation and dried in vacuo (over KOH pellets).


Analytical RP-HPLC was carried out on a Shimadzu LC instrument
equipped with SPDM AV-10 diode array and SIL-10A autosampler. A
Phenomenex C18 column (4.6� 250 mm, 5�m, 300 ä) was used,
eluted with H2O containing 0.1% trifluoroacetic acid (TFA; eluent A)
and CH3CN containing 0.1% TFA (eluent B) in a linear gradient from
20 to 80% of eluent B over 20 min at 1 mLmin�1 flow rate. Analysis of
the crude product by analytical RP-HPLC showed a main peak at
16.6 min. Preparative RP-HPLC was carried out on a Waters Delta
Prep 4000 instrument equipped with a UV lambda-Max model 481
detector and a Vydac C18 column (22� 250 mm, 15 �m, 300 ä) with
the same eluents and gradient used for the analytical scale and at
20 mLmin�1 flow rate. The collected fractions containing the peptide
were lyophilised and analysed: analytical HPLC showed a single peak
at 16.6 min with a purity higher than 98%. The peptide identity was
confirmed by mass spectral analysis carried out on MALDI-TOF
Voyager-DE mass spectrometer (PerSeptive Biosystems), which gave
a molecular ion peak [M�H]� of 1202. The yield was 20%.


Cyclo29,34[Tyr27(SO3H),Dpr29,Lys34]-CCK8 (2), the sulfated cyclic pep-
tide derivative, was prepared by using the same standard solid-phase
strategy as previously described for the cyclic CCK8 analogue 1. The
tyrosine derivative Fmoc-Tyr(SO3H) barium salt was used in order to
achieve a peptide containing a sulfated tyrosine residue. After
peptide cyclisation, in order to minimise the loss of the sulfate group
during the final deprotection step, the protected and cyclic peptide
was treated with the mixture CF3COOH/H2O/2-methylindole/m-
cresole (87:10:2:1) for 16 h at �4 �C.[10] The crude product was
purified by preparative RP-HPLC and the purity assessed by analytical
RP-HPLC. The system solvent used, both for analytical and prepa-
rative HPLC, was 0.1M AcONH4 in water (eluent A) and CH3CN
(eluent B) in a linear gradient from 5 to 95% of eluent B over 30 min.
Analytical HPLC shows a single peak at 20.1 min with a purity higher
than 98%. The peptide identity was confirmed by mass spectral


Figure 8. Competitive binding of cyclo29,34[Tyr27(SO3H),Dpr29,Lys34]-CCK8 against [111In]DTPAGlu-
Gly-[Tyr27(SO3H)]-CCK8. The tracer is displaced by the cyclic derivative at high concentration with
an apparent IC50 value of approximately 15 �M (see the text for further details).
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analysis, which gave a molecular ion peak [M�H]� of 1284. The yield
was 13%.


NMR spectroscopy : DPC-d38 (98.96% isotopic enrichment) and 5-DS
were purchased from CDN Isotopes Inc. (Pointe-Claire, Quebec) and
Aldrich-Isotec, respectively, and were used without further purifica-
tion. To obtain the structure of cyclo29,34[Dpr29,Lys34]-CCK8 in water
solution, peptide (1.1 mg) was dissolved in deionised water (600 �L)
and D2O (40 �L) was added (or the peptide was dissolved into 640 �L
of D2O), to obtain a final peptide concentration of 1.4 mM. The pH
value was adjusted to 6.4�0.1 by adding small amounts of NaOH.
For experiments with DPC micelles, cyclo29,34[Dpr29,Lys34]-CCK8
(1.1 mg) was dissolved into a freshly prepared solution (640 �L)
containing 174 mM DPC-d38 in H2O/D2O 94%. The pH value was
adjusted with diluted NaOH to 6.4� 0.1. The final peptide concen-
tration was 1.4 mM. The experiment with the spin label 5-DS in the
presence of DPC micelles was carried out by adding solid 5-DS
(610 �g) to a solution (600 �L) containing 1.4 mM cyclo29,34-
[Dpr29,Lys34]-CCK8 and 174 mM DPC-d38 in H2O/D2O 94%, followed
by readjusting the pH value to 6.4. The samples were transferred into
5-mm tubes for NMR analyses. NMR experiments were carried out on
a Bruker Avance 600 spectrometer operating at 14 T (corresponding
to a proton Larmor frequency of 600.13 MHz) and equipped with a
triple-axis pulse field gradient (PFG) probe optimised for 1H
detection. Water suppression was achieved by means of the
WATERGATE 3-9-19 pulse train[20, 21] in the case of H2O/D2O 95%
mixtures or by presaturation of the solvent line during the recycle
delay for samples dissolved in D2O. Chemical shifts were referenced
to external tetramethylsilane (0.03% in deuterated chloroform,
coaxial insert). 2D-TOCSY (total correlation spectroscopy) experi-
ments[22] were carried out by means of a MLEV17 spin-lock pulse
sequence[23] flanked by two 2.5-ms trim-pulses with a spin-locking
field strength of 10 KHz. The STATES time-proportional phase
increment (TPPI) phase cycling scheme was used to obtain complex
data points in the t1 dimension. Typically, the following instrumental
settings were used for TOCSY experiments: spectral width of
6900 Hz, 512 and 2048 complex data points in the t1 and t2
dimensions, respectively, 32 ±64 scans per t1 increment, relaxation
delay of 3 s, isotropic mixing time of 80 ± 100 ms. The data were
apodised with a square cosine window function and zero filled to a
matrix of size 1024�1024 prior to FT and baseline correction. 2D-
NOESY (nuclear Overhauser effect spectroscopy) experiments[24]


were carried out by the standard pulse sequence with the STATES
TPPI phase cycling scheme with mixing times ranging from 100±
450 ms. Typical instrumental settings included: spectral width of
6900 Hz in both f1 and f2, 2048�512 data points in t2 and t1,
respectively, 32 ± 64 scans per t1 increment, recycle delay of 3 s. The
data were apodised along both t1 and t2 dimensions with a square
cosine window function and zero filled to a symmetrical matrix of
size 1024� 1024 prior to FT and baseline correction. 2D-DQF-COSY
(double quantum filtered correlation spectroscopY) experiments[25]


were obtained in the phase-sensitive mode by means of the TPPI
method with the standard double quantum filtered pulse sequence
coupled with a combination of PFG at the magic angle and selective
water excitation to achieve optimal water suppression. Typical
instrumental settings included: spectral width of 6600 Hz in f1 and f2,
4096�512 data points in t2 and t1, respectively, recycle delay of 3 s,
64 scans per t1 increment. The data were apodised with a square
cosine window function and zero filled to a matrix of size 2048�
2048 prior to FT and baseline correction.


Molecular dynamics : All calculations were carried out on a Silicon
Graphics Octane workstation. The assignment of 1H NMR signals and
integration of NOE peaks were done by means of the XEASY[26]


software package. The assignment of 1H NMR resonances was carried


out by the sequence-specific method,[27] that is, by iterative
comparison of the TOCSY, NOESY and DQF-COSY spectra. A number
of ambiguities in the assignment due to severe signal overlap could
be resolved by comparing experiments carried out at different
temperatures (285 ± 310 K). The structure optimisation based on
NMR constraints was carried out by the DYANA[28] program (energy
minimisation by torsion angle dynamics and simulated annealing)
and the structure analysis was performed by means of the
MOLMOL[29] program (molecular graphics). Peak volumes were
obtained from NOESY spectra acquired with mixing times of
450 ms (aqueous solution) and 150 ms (DPC micelles). Upper
distance limits involving diastereotopic atom pairs without stereo-
specific assignment were increased in order to allow for both
assignments as described in ref. [30] . To account for the effect of local
motions on the intensity of the NOE signals, the peak volume to
internuclear upper limit bound conversion was executed by
classifying the NOE interactions into three different calibration
classes and applying to each of them a different calibration function,
following the DYANA standard procedure. Typically, 800 ± 1000
conformers with random values of both backbone and side-chain
dihedral angles were generated (bond length and bond angles were
fixed at their optimal values according to the ECEPP/2[31] standard
geometry). DYANA minimisations were carried out with 5000 TAD
steps and the contribution to the target function due to the violation
of the upper limit distance constraints was calculated according to a
square potential function. The optimised conformers were accepted
if their residual target function was below the cut-off value of 0.18 ä2


and if they did not present any consistent steric or geometric
violation. A subgroup of structures endowed with lowest target
function values was extracted from the ensemble of acceptable ones
for further structural analyses. Typically, a subgroup of 30 structures
represented a good compromise between sufficient statistics and
data manageability for analysis and computer graphics. These
structures were forwarded to the MACROMODEL 6.5 software pack-
age (Columbia University, NY)[11] for further molecular dynamics
minimisations with the AMBER* forcefield.[32, 33] Typically, 10 ± 50 ps of
restrained MD at 300 K were carried out for structure refinement.
Experimental constraints were introduced with a force constant of
100 kJmol�1ä�2. For final energy minimisation, the structures were
subjected to 500 iteration molecular mechanics cycles with the
Polak ±Ribiere conjugate gradient minimisation mode. The value of
the derivative convergence criterion was 0.5 kJmol�1ä�1. Energy
minimisations were performed in vacuo.


Absorption spectroscopy : All concentrations were measured on a
Jasco Model V-550 spectrophotometer. Absorptivities (�280) used
were 5630 and 6845 M�1 cm�1 for CCKA-R(1 ± 47) and cyclo29,34-
[Dpr29,Lys34]-CCK8, respectively. These values were calculated by
adding individual contributions from tyrosyl and tryptophanyl
residues present in the primary structures[34] (1215 and
5630 M�1 cm�1, respectively[35] ). It was estimated that this procedure
is affected by a maximum error of 5%.[36] Before measurements, all
solutions were centrifuged and filtered and their limpidity was
checked by absorbance at 325 nm, where absorption should be
negligible.


Fluorescence measurements : The interaction between CCKA-R(1 ±
47) and cyclo29,34[Dpr29,Lys34]-CCK8 was monitored at room temper-
ature by selectively exciting tryptophan fluorescence at 295 nm on a
Jasco Model FP-750 spectrofluorimeter. Emission spectra were
recorded by using equal excitation and emission bandwidths, a
recording speed of 125 nmmin�1 and automatic selection of the time
constant. Binding curves were obtained according to the limiting
reagent method. Namely, several small volumes of concentrated
cyclo29,34[Dpr29,Lys34]-CCK8 dissolved in 10 mM phosphate solution
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(pH 7.2) were added a fixed volume of CCKA-R(1 ± 47) dissolved in the
same buffer in the presence of 6 ± 8 mM SDS to mimic a membrane
environment.[37] In all cases, the total absorbance of the solutions was
less than 0.1 at the excitation wavelength, which ensured fluores-
cence linearity. After each addition, the reaction mixture was left to
stand until an apparent equilibrium was reached, as judged by the
constancy of the fluorescence signal. Final spectra were always
obtained after blank correction, adjustment for dilution and
subtraction of the separate contributions of cyclo29,34[Dpr29,Lys34]-
CCK8 and CCKA-R(1 ± 47) from the total fluorescence. This allowed us
to detect fluorescence modifications produced by the binding
interaction, which were thereafter used to calculate the Kd value
between the interacting species.


Treatment of binding data : Fluorescence intensities at 335 nm,
obtained as stated above, were used to evaluate the bound fraction
of CCKA-R(1 ±47), �, by using Equation (1), where F is the observed
fluorescence at 335 nm and F0 and F� refer to the fluorescence of
free and bound CCKA-R(1 ± 47), respectively.


� � (F� F0)/(F�� F0) (1)


Subsequent fitting to Equation (2), implemented in the program
Scientist for Windows, version 2.0 (MicroMath Software, San
Diego, CA), allowed us to evaluate Kd . Here, P0 and L0 stand for
the total concentrations of CCKA-R(1±47) and cyclo29,34[Dpr29,Lys34]-
CCK8, respectively.


� � {Kd� P0� L0� [(Kd� P0� L0)2� 4P0L0]1/2}/(2P0) (2)


Equation (2) holds for one-site binding equilibria and can be
easily derived from Equation (3) by considering that the molar
concentration of free cyclo29,34[Dpr29,Lys34]-CCK8, [L], equals L0��P0.


(F� F0)/(F�� F0)� [L]/(Kd� [L] ) (3)


Concerning the Kd fitting procedure, F0 was always fixed to zero,
which represents the fluorescence change before any ligand
addition, P0 was set equal to its actual value (0.49 ± 2.40 �M), as
determined by absorbance at 280 nm and F� was measured after
saturation of the receptor binding sites with as large a molar excess
of cyclo29,34[Dpr29,Lys34]-CCK8 as possible. After data smoothing by
the Savitzky ±Golay filter, implemented in the mathematical package
used, preliminary convergence was accomplished by means of
several steps of simplex optimisation. Then, final values of Kd were
obtained by the Levenberg ±Marquardt minimiser and averaged out.
In some experiments, F� values were hard to assess owing to
saturation of the fluorescence signal on addition of large amounts of
cyclo29,34[Dpr29,Lys34]-CCK8. This hampered the achievement of very
high ligand:receptor ratios. In such cases, both F� and Kd were
chosen as fitting parameters.


Preliminary biological assay : Competition binding experiments
were performed on A431 cells that had been stably transfected with
the pRFE-neoplasmid containing the full coding sequence for the
human CCKA receptor.[38] DTPA-Glu-Gly-[Tyr27(SO3H)]-CCK8 was la-
belled with 111In as described for unsulfated DTPA-Glu-Gly-CCK8.[39]


Fixed tracer amounts of the labelled peptide were incubated with
the receptor-expressing cells in the presence of cyclo29,34[Tyr27-
(SO3H),Dpr29,Lys34]-CCK8 at concentrations ranging from 10�10 ±
10�3 M. The amount of bound radioactivity was determined after
1 h at 4 �C. Nonlinear regression analysis with a model for
homologous competition binding was performed by using the


GraphPad Prism program (version 3.0a for Macintosh; GraphPad
Software, San Diego, CA; www.graphpad.com.) to derive the 50%
inhibitory concentration (IC50).


Supporting Information : Supporting Information is available listing
all the upper limit distances used to obtain the structural models of
cyclo29,34[Dpr29,Lys34]-CCK8 in aqueous solution and in DPC/water
(Tables S1 and S2).
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NMR Structure of the (�)-CPI-indole/
d(GACTAATTGAC)-d(GTCAATTAGTC) Covalent
Complex**
Carla Bassarello,[a] Paola Cimino,[a] Giuseppe Bifulco,[a] Dale L. Boger,[b]


Jarrod A. Smith,[c] Walter J. Chazin,[c] and Luigi Gomez-Paloma*[a]


We report the NMR solution structure of (�)-CPI-indole (CPI,
1,2,8,8a-tetrahydrocyclopropa[c]pyrrolo[3,2-e]indol-4(5H)-one), an
agent belonging to the CC-1065/duocarmycin family of antitumor
compounds. This (�)-CPI-indole structure is covalently bound to
d(G1ACTAATTGTC11)-d(G12TCAATTAGTC22), a synthetic DNA duplex
containing a high-affinity binding site. The three-dimensional
structure has been determined by several cycles of restrained
molecular dynamics calculations with a total of 563 NMR-derived
constraints, both in vacuo and by using the generalized Born
solvent continuum model. In-depth analysis of the structure of this
ligand ± DNA complex led to a detailed knowledge of the bound
state conformation of the CPI-indole, the most simplified agent
related to CC-1065 and duocarmycins, the parent members of a
family of extremely potent antitumor compounds. Comparison of


the CPI-indole bound conformation with those previously found for
(�)-duocarmycin SA (DSA), its unnatural enantiomer (�)-DSA, and
the demethoxylated analogue (�)-DSI in their DNA complexes
provided additional evidence of the tight correlation between the
catalytic effect exerted by DNA on the alkylation reaction and the
extent of angular twist between the two planar heteroaromatic
subunits of these agents. Additionally, comparison of the structural
features of the DNA-bound state of a ™naked∫ ligand, such as CPI-
indole, with those of various other duocarmycin agents provided
useful information for the interpretation of the observed effects on
chemical reactivity of the different substitution patterns at the
hemispheres of these types of complex.


Introduction


Although the role of RNA in the catalysis of (bio)chemical
processes has been known for over 20 years, it is only recently
that the catalytic activity of nucleic acids entirely composed of
DNA has been investigated. Such molecules, sometimes referred
to as DNAzymes, have been obtained by in vitro selection and
combine the catalytic activity of the ribozymes with the well-
known chemical stability of oligodeoxynucleotides. Interesting
developments in this field include DNAzymes able to cleave
target RNA sequences[1, 2] and DNA-based biosensors for metal
ions.[3] Another example of DNA catalysis is the role of AT-rich
duplex DNA in accelerating the adenine alkylation rate of many
compounds belonging to the CC-1065 and duocarmycin family
of antitumor antibiotics, in a suicide enzymatic reaction.[4] The
parent compound, (�)-CC-1065 (1), was first isolated in 1978
from cultures of Streptomyces zelensis and Streptomyces C-329.[5]


Since then, many chemical and biological investigations of this
class of molecules have been reported, not only for their
exceptional in vitro and in vivo anticancer activities,[6±11] but also
resulting from their unique mechanism of action.[12]


One of the most intriguing chemical features of these agents
is their stability under a variety of solvolytic conditions, despite
their spiro-cyclopropyl ring system. This property is in stark
contrast to their very efficient alkylation of DNA, which occurs


through cyclopropyl ring opening upon nucleophilic attack of
the N3 atom of an adenine residue. This reaction occurs rapidly
when a CC-1065/duocarmycin compound is exposed to appro-
priate sequences of duplex DNA. Two main models have been
proposed to explain the observed DNA catalytic effect: the
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alkylation site model and the noncovalent induced twist
model.[13] The alkylation site model assumes inherently different
abilities of various DNA sequences to protonate the C6 carbonyl
group of the cyclohexadienone ring (in the alkylating subunit)
and thus increase the electrophylic character of the cyclopropyl
ring. The noncovalent induced twist model explains the unique
DNA alkylating properties of duocarmycins as resulting from
alterations in critical intersubunit angles that occur upon binding
to AT-rich duplex DNA and vastly increase the electrophilicity of
the cyclopropyl ring. Thus, the strict conformational and steric
requirements imposed by the narrow and deep minor grooves
of AT-rich DNA sequences are accommodated by an alteration in
the conformation of the ligand. This conformational change
leads to a reduction in the coplanarity of the two subunits
(described by the three torsion angles �1, �2 , �3 , see Scheme 1)


Scheme 1. Structures of (�)-CC-1065 (1), (�)-duocarmycin SA (2), (�)-duocar-
mycin A (3), (�)-duocarmycin SA (4), (�)-DSI (5), and (�)-CPI-indole (6). The
torsion angles �1, �2 , and �3 are indicated on 2.


and thereby disrupts the high degree of conjugation present in
the ground state that confers high stability to the cyclopropyl
ring. Although there is a wealth of experimental and theoretical
data that support this view,[14±16] direct and conclusive evidence
requires detailed knowledge of the potential energy reaction
profile of the DNA alkylation reaction and ultimately of the
geometry and energetics of the transition state.[17]


Useful insights into the structural basis of the in situ activation
of duocarmycin SA have been derived from three high-
resolution NMR structures of 1:1 complexes of (�)-DSA (3),
(�)-DSA (4), and (�)-DSI (5) all bound to d(GACTAATTGAC)-
d(GTCAATTAGTC).[18±20] These results led to the hypothesis that
the in situ activation of duocarmycin ligands toward DNA
alkylation depends upon the extent of intersubunit twist. A
three-way correlation was observed between: a) the steric
hindrance induced by substituents on either subunit that extend
the length of the molecule; b) the extent of intersubunit twist of
the ligand in the DNA complex; and c) the rate of DNA alkylation.
We proposed that conformational changes in the ligand precede
the formation of the covalent bond between the adenine N3
atom and the cyclopropyl methylene carbon atom.[21] The
binding-induced conformational change and accompanying
activation for the subsequent DNA alkylation reaction would
be a direct consequence of the adaptation of its three-dimen-
sional shape necessary to fit the DNA minor groove. This implies
that the energetic cost of activation is compensated for by
noncovalent binding to DNA.[22]


The three structural studies of DSA±DNA complexes allowed
the examination of structure±activity relationships involving
substituents at the edge of the binding subunit and the
stereochemistry of the cyclopropyl ring. The effect of substitu-
tents at the edge of the alkylation subunit has not been
structurally characterized. The effect of the methoxy groups on
the binding subunit has been examined previously. We have
structurally characterized the covalent complex obtained with
the simplest DSA alkylating agent because it serves as the most
appropriate reference for the covalent complexes (Scheme 2).
Accordingly, the complex between d(GACTAATTGAC)-d(GTCAAT-
TAGTC) and (�)-CPI-indole (6) was prepared, and its high-
resolution solution structure was determined by using the
previously described in vacuo protocols and a new protocol
incorporating a continuum solvent model for aqueous media
and following the Generalized Born approximation.[23±25]


Results and Discussion
1H NMR characterization of the adduct


The general strategies for sequence-specific assignment of the
1H resonances of small DNA duplexes are well established.
Accordingly, the specific protocols used in the study described
herein for chemical shift assignments on the free and bound
DNA species are only briefly summarized. In particular, all
cytosine 5H-6H and thymine 5Me-6H resonances were readily
identified by scalar connectivities in 2Q, PE-COSY, and TOCSY
spectra. All 22 discrete 1�H-2�H-2��H-3�H-4�H-5�H-5��H spin sub-
systems were identified in the 2Q, PE-COSY, and TOCSY spectra
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and were confirmed by inspection of the NOESY spectra. The
sequential resonance assignments were obtained from the
NOESY spectra (see Table S1 in the Supporting Information).[26, 27]


The pattern of chemical shift differences between the bound and
free DNA species (��bound-free) indicated that in the DNA complex,
the (�)-CPI-indole (CPII) molecule is bound in the expected
location within the recognition site (AATTA, see Figure S1 in the
Supporting Information). Like the previously studied DSA
adducts, the alkylation of the AATTA duplex occurs at the N3
position of A19 (Scheme 2 and Figure 1).


Figure 1. 3D structure of the conformational ensemble calculated in vacuo (left)
and with the GB solvent continuum model (right). The model represents the
covalent complex of CPII and the duplex containing the AATTA site. The 20 least-
violated structures are superimposed by fitting to all atoms in the binding site (the
CPII molecule and base pairs 3G ¥ C20 ± T8 ¥ A15).


Three-dimensional structure of the adduct


The intrinsic stability of the covalent complex is reflected in the
relatively large number of structural constraints that can be
derived from the NMR spectra. This high number of constraints
in turn provides high accuracy and precision in the three-
dimensional structure of the (�)-CPII ±DNA complex. A total of
563 experimental constraints were identified, including 397
distances, 151 dihedral angles, and 15 Watson ±Crick hydrogen
bonds. The distribution of intraresidue (240), interresidue (104),
and intermolecular (53) constraints is shown in Figure S2 in the
Supporting Information. An average of 24 constraints per


residue were obtained, with 34 per residue
in the critical binding site region. Forty initial
structures, generated by the NAB program,[28]


were individually refined with the final input
constraints by using the SANDER module of
the AMBER software.[29] A total of 20 struc-
tures were selected on the basis of lowest
constraint violation energies to represent the
final in vacuo ensemble (Figure 1). These
structures were then subjected to a further
round of calculations to investigate the effect
of a more sophisticated treatment of electro-


static interactions and solvation. For this purpose, the final
simulations included the Generalized Born (GB) approximation,
where the solvent is implicitly represented as a continuum with
the dielectric properties of water.[23, 24] Table 1 reports the
statistics for the structures obtained in vacuo and using the GB


solvent model. Both ensembles of structures are characterized
by low constraint violation energies and low values of root mean
square deviations (RMSDs), which suggests that the two
ensembles of structures have a high level of precision and
accuracy. Differences between the two sets of structures are
slight, especially in the critical AATTA binding site (the mean
pairwise RMSD between the in vacuo and GB structures for the
binding site region is 1.17 ä). This result is a reflection of the very


Scheme 2. Schematic representation of (�)-CPI-indole (6) bound to A19 of the DNA duplex. Sequence
and numbering of the 11mer DNA duplex (left) and of 6 (right) used in this study.


Table 1. Structural statistics for the final ensembles of the (�)-CPII ± DNA
complex.


Average AMBER energies [kcalmol�1]
Violation statistics
RMSD statistics [ä][a]


In Vacuo


Etotal � 1627� 5
Distance violations�0.38 ä 0
40 starting DNA structures 3.04
ELennard-Jones � 394�5
PPA violations�7.0� 0
20 final structures : all atoms 0.89 (0.62)
Edistance violation 5� 2
Average bond deviation from ideal [ä] 0.007
20 final structures : binding site[b] 0.77 (0.53)
Etorsion violation 2.4� 0.3
Average angle deviation from ideal [deg.] 2.5


GB model


Etotal � 4562� 5
Distance constraint violations� 0.25 ä 0
20 final structures : all atoms 0.87 (0.60)
ELennard-Jones � 424�3
Torsion constraint violations� 10.4� 0
20 final structures : binding site[b] 0.73 (0.51)
Edistance violation 5� 1
Average bond deviation from ideal (ä) 0.01
Etorsion violation 1.9� 0.2
Average angle deviation from ideal (deg.) 2.6


[a] Mean pairwise RMSD between the structures. RMSD from the mean
structure is given in parentheses. [b] Binding site region includes residues
C3 to T8, A15 to G20, and the entire (�)-CPI-indole molecule.
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large number of experimental data that define this structure. The
only substantial difference between the two ensembles is the
representation of the frayed ends of the DNA duplex, which are
not well defined by the experimental data. This observation has
been attributed to differences in the sampling properties of the
in vacuo and GB simulations and does not greatly affect the
conclusions reached in this study.[23±25]


Analysis of structural features of the DNA


The most accurate assessment of the structural features of the
complex is obtained by averaging over the ensemble of the
structures.[30] The observed values of the pseudorotational angle
P, describing the deoxyribose ring puckering, are in a range that
is indicative of a C2�-endo conformation domain, which suggests
a variation around the C2�-endo and C1�-exo conformations
characteristic of a regular B-DNA helix. Only the two terminal
residues adopt the O4�-endo conformation. It is noteworthy that
A19 (the alkylation site) and G20 adopt the C2�-endo conforma-
tion. The DNA backbone torsion angles indicate a standard
B-DNA conformation, except for some residues in the vinicity of
the covalent bond to CPI. The values of � (33�), � (-83�), and �


(150�) at A19 are remarkably different from the average values
(60�, 69�, and 90�, respectively) for all other residues. This
behavior seems to be associated with the necessity to compen-
sate for alkylation of A19 by shifting toward the major groove.
In this complex, there is a reorientation of the A19 base with


regard to the deoxyribose ring and a perturbation of the A5±
T18 base pair (see Supporting Information). Interestingly, the
C3±G20 base pair does not exhibit the perturbations previously
observed for the (�)-DSA and (�)-DSI-adducts, nor is an unusual
twist at the base pair T4 ±A19 observed. The compression and
stiffness of base pairs A6 ± T17 and T7 ±A16 in the (�)-DSI ±DNA
adduct shifts in the CPI-indole adduct to the base pair T8 ±A15,
which has a twist of 40�. A perturbation in the stacking of base
pairs T4 ±A19 and A5± T18 is also evident, as reflected in the
noncanonical values of buckle, propeller twist, and rise (see the
Supporting Information). All of the differences found between
this adduct and the adducts of (�)-DSA and (�)-DSI can be
related to the greater simplicity of the CPII structure, for
example, the absence of bulky substituents at the outer edges
of both subunits. There is a clear continuation of the general
trend from more-substituted (DSA) to simpler ligands (DSI and
CPII), in which the DNA minor groove in the binding site is
broader in proportion to the effective length of the molecule.
Thus, the presence of functional groups at the outer edge of
both subunits contributed to expansion of the DNAminor groove.


There are some small but significant differences between the
structures calculated in vacuo and with the GB model. Although
overall the DNA binding sites are very similar, the GB structures
exhibit a narrower minor groove width (Figure 2). This observa-
tion may be the result of superior modeling of electrostatic


Figure 2. Plot of the average minor groove width for the base pairs (C3 ¥ G20 ±
G9 ¥ C14) of the covalent complexes calculated in vacuo (solid line) and with the
GB solvent continuum model (dashed line).


screening resulting from the solvent, because the negatively
charged backbones are in close proximity within the narrow
minor groove in AT-rich sequences.


Analysis of structural features of the ligand


The absence of the bulky methoxy groups on the binding
subunit and the lack of methyl ester on the alkylation subunit
seem to enable the ligand to penetrate more deeply into the
DNA minor groove. The average �1, �2 , and �3 torsion angle
values are 14.2�1.1, 14.7�1.2, and 8.8�1.2 �, respectively.
Intriguingly, these numbers are very similar to the values 14.2�
0.3, 13.4� 0.6, 9.7�1.0 � in the (�)-DSI ±DNA adduct (Table 2).
On the basis of the observed difference in alkylation rates
between CPII and DSI, one could expect a more visible influence
on the amount of intersubunit twist found in the bound
conformation of the two ligands. In fact, DNA alkylation kinetics
data for AT-rich duplexes shows that CPII is about 10-fold less
reactive than (�)-DSI (kCPI/kDSA� 0.004; kDSI/kDSA�0.05).[31] Thus,
either the intersubunit twist is not sufficient as the sole indicator
of reactivity or the methyl ester on the alkylating subunit has a
different effect (it must have some effect±the efficiency is 10�
different for CPII and DSI) that modulates the alkylation
efficiencies of these agents.


Table 2. Comparison of three torsional angles �1 , �2 , �3 and of the intertwist �1� �2��3 for the various covalent adducts.


Ligand ±DNA Complex �1 �2 �3 Total Twist (�1��2��3) RMSD from the mean [ä]


(�)-DSA 22.4� 0.5 11.0�0.3 11.4� 2.0 44.8� 2.8 0.54
(�)-DSI 14.2� 0.3 13.4�0.6 9.7� 1.0 37.3� 1.9 0.57
(�)-CPII (in vacuo) 14.2� 1.1 14.7�1.2 8.8� 1.2 37.5� 1.4 0.62
(�)-CPII (GB model) 17.0� 2.2 17.4�1.5 5.4� 1.3 39.7� 2.7 0.60
(�)-DSA 11.2�1.2 4.5�0.4 5.4� 1.0 21.2� 2.6 0.40
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The electronic nature of the pyrrole ring substitution has a
significant effect on reactivity. Under solvolytic conditions at
pH 3, DSA and CPI-indole lifetimes are 177 h and 27 h, respec-
tively, which implies that the DSA molecule, characterized by a
greater degree of conjugation at the alkylating subunit, is 6 ± 7
times more stable than the naked CPI-indole agent.[31] This
pattern inverts in the presence of DNA, where DSA is a more
effective DNA alkylating agent than CPII. In such conditions, the
removal of an electron withdrawing group with hydrogen
acceptor properties, such as the DSA methyl ester, may account
for the diminished DNA alkylation efficiency (as a result of the
increase of the rigid length of the agent), perhaps accompanied
by a decreased DNA noncovalent affinity.
Comparison of the 3D structure of the CPII ±DNA adduct in


with that of the DSI ±DNA adduct reveals several subtle
differences in the location and arrangement of the two agents
in the DNA minor groove that may explain the differential
chemical properties of these molecules. The (�)-CPII binding
unit is located deeper in the groove than the (�)-DSI adduct. This
difference is reflected in the average distances of the ligand
atoms H19, H24, and H25 from atoms of the A5 ± T18, A6 ± T7, and
T7 ±A16 base pairs.[32] The offset in the orientation of the binding
subunit is a direct consequence of a different orientation of the
alkylating subunit, which in turn results from the absence of
hydrogen bonding interaction between the G20 amino group
protruding in the minor groove and the carbonyl oxygen atom
of the C2 methyl ester group (present in DSI and absent in CPII ;
Figure 3). Although the CPII alkylating subunit is more exposed
to the solvent than (�)-DSI, (�)-CPII is somewhat more twisted


Figure 3. Differences in the relative penetration of (�)-DSA (green), (�)-DSI
(blue), and (�)-CPI-indole (pink) into the DNA minor groove.


than would be expected. The unexpectedly large twist is
correlated with a significantly deeper penetration of both
subunits into the minor groove. Interestingly, the width of the
DNA minor groove in the vicinity of the T4 ±A19, A5 ± T18, and T7 ±
A16 base pairs is smaller for the CPI-indole adduct (bp step: 4,
4.01 �0.19; 5, 4.16�0.12; 6, 3.93� 0.21; 7, 4.47� 0.42) than for
the DSI adduct (bp step: 4, 4.46�0.21; 5, 4.72� 0.24; 6, 3.64�
0.15; 7, 5.74� 0.39). This structural feature of the DNA is
probably induced by the positioning of the CPI-indole binding
subunit deep in the DNA minor groove, driven by stronger van
der Waals interactions of the binding subunit with the DNA
cavity. Differences in the pattern of NMR-derived constraints
found for the various duocarmycin agents would also be consistent
with this view. For instance, while in the case of the DSA±DNA
complex NOESY spectra do not show any close contacts between
the drug H19 and H25 (lying in the binding subunit) and DNA
protons, strong drug±DNA dipolar effects arising from the same
protons are observed for the CPII ±DNA complex. In this context,
the pattern of DSI±DNA H19±H25 NOESY contacts is consistent
with the intermediate level of minor-groove penetration of the
binding subunit of DSI with respect to that of DSA and CPII (see
Figure 3).
In conclusion, a comparative structural analysis of DNA adducts


of CPII with those of other DSA analogues suggests that the
methyl ester on the alkylation subunit may have an effect on the
reactivity that goes beyond its mere ability to increase the rigid
length of the molecule. The ability of the methyl ester to form
hydrogen bonds with the DNA is certainly another crucial factor.


Experimental Section


Sample preparation : The purified d(GTCTAATTGAC) and d(GTCAAT-
TAGAC) DNA oligomers were purchased from Sigma Genosys
(London, England). To assess site selectivity and optimal conditions
for the full-scale reaction, several analytical-scale reactions were
carried out and monitored by HPLC. The reaction produced one
major product, indicating the same site selectivity as observed for
(�)-DSA and (�)-DSI. For the preparation of the final NMR sample,
the duplex (1�mol) was incubated with (�)-CPII (1.4 �mol) for 16 h at
310 K in a buffer at pH 7 (7.5 mM K2HPO4/KH2PO4 and 7.5 mM KCl). The
reaction was monitored by HPLC and 1H NMR spectroscopy showed
that the alkylated duplex did not require any purification. The sample
was lyophilized, dissolved in D2O (450 �L), and placed in an NMR
tube. The excess of ligand precipitated and was left at the bottom of
the tube. Two NOESY experiments were carried out after the sample
was back-exchanged in H2O/D2O (9:1) for the chemical shift assign-
ments of exchangeable protons.


NMR experiments : NMR experiments were performed on a Bruker
DRX-600 at 300 K. Three scalar-correlated spectra were acquired: 2Q
(�e�30 ms, 96 scans/t1 value, t1max� 53 ms), P.E.COSY (35� observa-
tion pulse, 16 scans/t1 value, t1max� 100 ms), TOCSY spectra (�mix�
120 ms, 120 scans/t1 value, t1max� 76 ms). Three NOESY spectra in
D2O were acquired at with �mix�50, 70, 200 ms, 16 scans/t1 value,
and t1max� 53 ms. Two NOESY spectra in H2O/D2O (9:1) with �mix� 50
and 200 ms (64 scans/t1 value, t1max� 42 and 18 ms, respectively)
were acquired at 300 K using a watergate sequence to suppress the
water 1H signal. All data were processed on a Silicon Graphics
Indigo2 workstation using Felix 95 software (Biosym Technologies,
Inc. , San Diego, CA).
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Experimental constraints : Loose dihedral constraints on the DNA
backbone angles �, �, �, and � were obtained from the methods
described by Reid and co-workers.[33] These were combined with the
pseudorotation (P) constraints obtained by fitting the Karplus
equations describing the torsions of the deoxyribose ring to data
obtained from the P.E.COSY experiment. Quantitative measurements
of 3JH1�-H2� and 3JH1�-H2�� , were combined with qualitative measurements
of 3JH3�-H4� , 3JH2�-H3� , and 3JH2��-H3� collected in the 2Q spectra, to
determine the final allowed range of P.


Distance constraints were obtained by converting the NOE inten-
sities that were measured in the 50 ms D2O NOESY and in the 200 ms
H2O NOESY spectrum (for the exchangeable protons) using a two-
spin approximation with multiple calibration points. The upper
bounds derived from the NOE intensities at 50 ms and an additional
margin of 1.0 ä were added to compensate for errors.[18] In the final
stages of the calculations, the upper bounds were re-defined using
MARDIGRAS hybrid relaxation matrix calculations.[34] All lower
bounds were set to the sum of the van der Waals radii, that is, 1.8 ä.


Watson±Crick hydrogen bonds were enforced for all imino and amino
groups whose 1H resonances could be assigned, using distance
constraints on the corresponding N N or N O distance involved.[35]


Structure calculations : The observation of characteristic NOEs and
1H-1H coupling constants indicated that the DNA duplex occupied a
right-handed helical conformation (e.g. , A-form, B-form). Thus, the
first structure refinement was carried out on the DNA alone,
beginning with a family of 40 widely varied DNA starting models
of right-handed helical duplexes (RMSD� 3.04 ä) constructed with
Nucleic Acid Builder (NAB)[28] . This refinement was carried out by
using the restrained molecular dynamics simulated annealing
(rMDSA) protocol. Arbitrarily selected values of x-displacement,
incline, twist, and rise were utilized. Additional structure refinement
continued with a restrained molecular dynamics docking (rMDD) of
(�)-CPI-indole onto the DNA, and two rounds of rMDSA on the
complex. Each starting structure was refined with 20 ps of rMDSA
(1 ps of heating to 1000 K, 4 ps of high-temperature dynamics, and
gradual cooling back to 0 K over the final 15 ps; RMSD� 2.52 ä).
Starting structures for rMDD were generated by randomly pairing
each refined DNA structure with a structure of (�)-CPI-indole derived
from a restrained molecular dynamics simulation of the agent alone.
The ligand was placed 10 ä outside the minor groove in the proper
orientation of binding as determined from qualitative analysis of
intermolecular NOEs. The automated docking was then carried out
using 30 ps of rMD during which the DNA-DNA and the (�)-CPII-DNA
constraint weighting was ramped on from 0.005 to 0.05 during the
first 5 ps, from 0.05 to 0.2 during the following 5 ps, from 0.2 to 1.0
during the next 10 ps, and kept at 1.0 for the remaining 10 ps of
computation (pairwise all-atom RMSD� 1.62 ä). The resulting
docked structures of the intact complex were then refined with
two successive rounds of 20 ps rMDSA as described above (pairwise
all-atom RMSD�1.44 ä).


Molecular dynamics simulations were performed in vacuo with the
SANDER module of the AMBER simulation and modeling package. A
constant distance-dependent dielectric was used, and phosphate
charges were reduced to 20% of their full value to compensate for
the lack of solvent screening effects. All in vacuo calculations were
carried out on a SGI Indigo2 equipped with an R10000 processor.


The final in vacuo structures were then used as input structures for
refinements using the GB model. For this purpose, 1 or 2 rounds of
20 ps rMDSA were performed using AMBER-�94 force field param-
eters and full charges on all phosphate groups under the General-
ized-Born solvent approximation continuum model. This model has
shown to be particularly suitable for the description of the electro-


static properties of biomacromolecules in aqueous environ-
ments.[23±25] In our case, the solvent continuum was represented by
a medium with the dielectric properties of a water solution
containing a total salt concentration of 0.2M.


Keywords: antitumor agents ¥ DNA minor groove binding ¥
DNA recognition ¥ duocarmycin ¥ NMR spectroscopy
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Stabilisation of RNA Bulges by Oligonucleotide
Complements Containing an Adenosine Analogue
Annemieke Madder, Robert Ehrl, and Roger Strˆmberg*[a]


Incorporation of 2�-deoxy-2�-�-(1-naphthylmethyl)tubercidin into
an oligodeoxyribonucleotide mostly has little or a slightly negative
effect on the Tm values of complexes with DNA complements. With
the same naphthylmethyl-substituted nucleoside at the 3�-end of a
2�-O-methyloligoribonucleotide, however, a stabilisation of 1 ± 2 �C
in the corresponding complexes with both DNA and RNA is
observed. When the target sequence is an RNA fragment forming a
two- or three-nucleotide bulge, complexes with (naphthylmethyl)-
tubercidin-modified oligodeoxyribonucleotides, as well as with the


corresponding 2�-O-methyloligoribonucleotides, give stabilisations
of 1 ± 2 �C for the three-nucleotide bulge and of almost 4 �C for the
two-nucleotide bulge. This stabilisation is specific to RNA, since the
corresponding complexes with the DNA fragments do not display
this effect. Thus, the (naphthylmethyl)tubercidin-containing oligo-
nucleotides are the first reported oligonucleotide modifications
that specifically stabilise bulged RNA.


Introduction


Largely thanks to the development of antisense therapy,
numerous oligonucleotide modifications for the improvement
of the stability of duplexes formed between modified oligonu-
cleotides and their RNA target have been developed.[1±3] The
occurrence of one or several bulged out nucleotides in an
otherwise complementary duplex usually results in substantial
destabilisation of the complex.[4] There are, however, potential
gains imaginable if the antisense oligonucleotide induces and
stabilises a bulge in the target RNA sequence. One may obtain
interactions that give specificities other than those of Watson ±
Crick base-pairing (possibly also more discriminating). A poten-
tial site for binding of low molecular weight drugs is created, and
may stabilise the oligonucleotide-target complex substantially.[5]


Bulged RNA is also known to be more susceptible to cleavage
than RNA in a helical structure and is therefore particularly
interesting as a target for artificial nucleases.[6] We are currently
pursuing a programme devoted towards the development of
oligonucleotide-based artificial nucleases (OBANs), with empha-
sis on the cleavage of induced bulges in a target RNA. However,
since structures with bulges are inherently less stable than fully
complementary duplexes,[4] an initially important issue is the
introduction of modifications that can stabilise an RNA bulge,
and thus the OBAN-target RNA complex. In addition, stabilisa-
tion of the bulged complex would also be expected to rigidify
the structure, which–with correct positioning of the catalytic
part of the OBAN–could give rise to higher cleavage rates.


Binding of a bisbenzimidazole derivative affects the stability of
a structure containing an RNA bulge[5a] but to our knowledge no
oligonucleotide modifications for stabilisation of RNA bulges
have been designed. A bulge in the human immunodeficiency
virus type 1 (HIV-1) Rev response element binding site for Rev


protein, for which a crystal structure has been reported,[7] is one
of the model bulges in our development of OBANs. Molecular
modelling in this system suggested that the presence of a
1-naphthylmethyl group in the 2�-position (with arabino config-
uration) would be worth exploring as a first step in increasing
affinity and specificity for bulged out RNA target sequences.


Results and Discussion


Synthesis of the modified building block and incorporation
into oligonucleotides


Because of depurination problems observed in initial efforts on
the derivatisation of adenosine, the naphthylmethyl moiety was
introduced into the 7-deaza analogue of adenosine, known as
tubercidin.[8]


The synthesis of the modified building block (Scheme 1)
began with 6-deamino-6-chloro-tubercidin (1),[9] which was
silylated with 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane[10]


(TIPDSCl2, Scheme 1). Oxidation of 2 with CrO3, followed by
treatment with (1-naphthylmethyl)triphenylphosphonium chlor-
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ide, gave 3, which was further treated with liquid ammonia and
then with tetrabutylammonium fluoride (TBAF) in THF, affording
4 as an isomeric E/Z mixture in 80% yield. Hydrogenation of 4
gave a �1/5 mixture of the � and � 2�-naphthylmethyl isomers.
The mixture of 2�-isomers could be separated by column
chromatography (see Experimental Section for more details).
NMR studies were then performed to assign the 2�-configura-
tions of the major and the minor isomers. 2D NMR experiments
(COSY, HMQC) were carried out for both isomers to assign all the
proton signals in the spectra unambiguously, and for evidence of
a 2�-� (arabino) configuration could be found in the 2D NOESY
and ROESY spectra. A strong interaction was observed between
the benzylic protons (��3.35 and 2.71) and H3� (�� 4.53) ;
furthermore, an additional cross-peak between H2� and H4�
confirms the 2�-� (arabino) configuration for this major isomer 5.
These effects were absent in the corresponding spectra for the
minor isomer. In these spectra, however, a cross-peak was
observed between H2� (��3.41) and H8 (��6.99), confirming
the 2�-� (ribo) naphthyl configuration for the minor isomer.


One feature of this novel nucleoside was reflected in a strong
NOESY interaction between H3� and H8 observed in the 2D
1H NMR spectrum of 5. This observation points towards a
strongly preferred North (C3�-endo) conformation. This is further
supported by the 1H,1H coupling constants (i.e. , JH3�,H4�� 8.0 and
JH1�,H2��7.7 Hz; whereas for the minor ribo isomer the JH3�,H4� value
of 0 Hz indicates a predominant South (C2�-endo) conformation).
The preference for the N-conformation of 5 may well be a result
of a favourable stacking interaction between the naphthyl
moiety and the heterocyclic base.


Further transformations were carried
out to provide a building block
suitable for oligonucleotide synthesis
(Scheme 1). Base protection was accom-
plished with butyric anhydride, after
which the 5�-OH function was protected
by use of monomethoxytrityl tetrafluor-
oborate in the presence of lithium
carbonate and 2,6-lutidine.[11] Subse-
quent phosphonylation with the PCl3/
imidazole reagent[12] yielded the H-phos-
phonate building block 6 in 80% yield.


The modified oligodeoxyribonucleoti-
des and 2�-O-methyloligoribonucleoti-
des were prepared by the H-phospho-
nate approach,[13] with building block 6
for incorporation of internal modifica-
tions (aimed at base-pairing to a uridine
or thymidine adjacent to the bulged out
region at the 3�-side in the target
sequence). The modification was also
incorporated at the 3�-end of oligonu-
cleotides by use of the 5�-O-(4-methoxy-
trityl)-2�-deoxy-2�-(1-naphthylmethyl)tu-
bercidin 3�-succinate attached to the
solid support. The synthesized sequen-
ces are shown in Figure 1.


Studies on the effects on the stability of complexes with RNA
or DNA complements


The binding of the 2�-deoxy-2�-(1-naphthylmethyl)tubercidin-
modified oligonucleotides to DNA and RNA sequences was
investigated by their UV absorbance melting behaviour in an
aqueous neutral buffer solution. Hybridisation experiments were
performed with fully complementary sequences and different
complements that form varying bulge sizes (see Table 1 and
Table 2). The melting profiles for duplexes containing a mod-
ification exhibited, in most cases, typical two-state transitions
similar to those for the corresponding unmodified duplexes.


Incorporation of the (naphthylmethyl)tubercidin into an
oligodeoxyribonucleotide mostly has little or a slightly negative
effect on the Tm values of the complexes with the DNA
complements (Table 1). This is also the case for internal
naphthylmethyl modification in 2�-OMeRNA fragments (Table 2).
When, however, the modification is present at the 3�-end of the
2�-O-methyloligribonucleotide a stabilisation of the complexes
with DNA fragments is observed (�Tm from 0.4 up to 2.2 �C). As
DNA/2�-OMeRNA duplexes are expected to be of the A-type, this
stabilisation may be due to the high North conformation
preference of the 3�-end naphthylmethyl nucleoside.


As would be expected from the steric demands of the
naphthylmethyl group, all fully complementary duplexes with
internal modifications display a substantial decrease in melting
temperature. When, however, the target sequence is an RNA
fragment forming a two- or three-nucleotide bulge, the
complexes with the internally (naphthylmethyl)tubercidin-modi-


Scheme 1. Synthesis of the 2�-(1-naphthylmethyl)-substituted H-phosphonate building block: a) TIPDSCl2 (1,3-
dichloro-1,1,3,3-tetraisopropyldisiloxane), pyridine, RT, 12 h, 95%; b) CrO3, acetic anhydride, pyridine, CH2Cl2,
86%; c) (naphthylmethyl)triphenylphosphonium chloride, nBuLi (1.75 equiv.), THF, RT, 73%; d) NH3 (l), dioxane, 4
days, 80 �C; e) Bu4N�F�, THF, 80% over two steps; f) H2, Pd/C, CH3OH, 5 h, 82%; g) 1) (CH3)3SiCl, pyridine,
2) butyric anhydride, 3) H2O, 60%; h) MMT�BF4� (monomethoxytrityl tetrafluoroborate), Li2CO3, 2,6-lutidine,
0 �C to RT, 93%; i) 1) imidazole, PCl3 , Et3N, CH2Cl2 , �20 �C to �78 �C, 80% 2) H2O.
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fied oligonucleotides are stabilised. There is clearly a preference
in the stabilisation for the complexes with both the internally
modified oligodeoxyribonucleotide (Table 1) and 2�-O-methylo-


ligoribonucleotide fragments (Table 2), which give a
stabilisation of 1 ± 2 �C with the three-nucleotide
(3 nt) bulge complex and of almost 4 �C with the
two-nucleotide bulge complex. There is also a
dependence on the bulge size, the 2 nt bulge being
clearly preferred both to the larger 3 nt bulge and to
the smaller 1 nt bulge. That this effect is only present
with an RNA complement suggests a possible
conformational dependence (in the target se-
quence) of the stabilising interaction.


The presence of a naphthylmethyl-modified nu-
cleoside at the 3�-end of an oligonucleotide can give
stabilisation of fully complementary duplexes. For 2�-
OMeRNA/RNA and 2�-OMeRNA/DNA this is also
observed with bulge-containing complements. Even
more interesting, however, is that incorporation of
the naphthylmethyl-modified nucleoside opposite
to the bulge stabilises the complexes with RNA
containing three and–in particular–two bulged-
out nucleotides. This stabilisation is specific to RNA,
as the corresponding complexes with DNA frag-
ments do not display this effect. The stabilisation is
relatively modest and it is possible that the result
might be different with other sequences/bulges.
Although this specific modification may not stabilise
bulges with other sequences (which is not desirable
anyway, if one wishes to achieve selectivity), we have
proven the concept of a modification that can
stabilise an RNA bulge. We report that (naphthyl-
methyl)tubercidin-containing oligonucleotides are
capable of bulge stabilisation, and to the best of


our knowledge this is the first reported oligonucleotide mod-
ification that specifically stabilises bulged RNA.


RNA bulge stabilisation could promote action by comple-
mentary modified OBANs. Stabilisation of the bulge should lead
to a less flexible structure. We have recently shown the
importance of linker and bulge size in several OBAN systems.[14]


For further development, one possibility is that, if the catalytic
group can be positioned close enough to the phosphodiester to
be cleaved, a more rigid target bulge would provide a higher
effective molarity and thus a higher rate of cleavage. It is likely
that greater bulge stabilisation would be needed to obtain a
substantial effect on oligonucleotide-based artificial nuclease
cleavage. Further developments of bulge-stabilising modifica-
tions are currently being pursued not only to achieve greater
stabilisation of the antisense-bulged RNA complex, but also
since significant advantages due to specific selectivity patterns
could be obtained.


Experimental Section


Materials and methods : All chemicals were purchased from Aldrich,
Sigma or Fluka. Solvents were p. a grade. Pyridine, dichloromethane,
acetonitrile and dimethylformamide were dried over 3 ä molecular
sieves. 1H NMR, 13C NMR and 31P NMR spectra were recorded on a
Bruker AVANCE DRX 400 spectrometer operating at proton reso-


Figure 1. DNA and 2�-OMe RNA fragments with an internal or 3�-end 2�-(1-naphthylmethyl)-
tubercidin modification.


Table 1. Melting temperatures (Tm) for complexes of 2�-(1-naphthylmethyl)-
tubercidin-modified oligodeoxyribonucleotides with DNA and RNA comple-
ments resulting in different bulge sizes.[a]


Tm [�C][b]


Complement Complex
with 7


Complex
with 8


Complex
with 9


DNA-complements
5�-TCTGTGTACTC-3�[c] 41.2 34.0 39.7
5�-TCTGATGTACTC-3�[c] 25.9 25.4 25.1
5�-TCTGAATGTACT C-3�[d] 19.8 19.0 19.1
5�-TCTGAAATGTACT C-3�[d] 14.0 15.8 13.6
RNA-complements
5�-UCUGUGUACUC-3�[c] 37.5 28.5 38.3
5�-UCUGAUGUACUC-3�[c] 21.8 19.7 20.8
5�-UCUGAAUGUACUC-3�[d] 14.8 18.6 14.1
5�-UCUGAAAUGUACUC-3�[d] 12.1 14.2 11.9


[a] Determined at 260 nm. Measured in 0.1mM NaCl, 10 mM sodium phosphate
buffer (pH 7.0) containing 0.1 mM EDTA with 4 �M single strand concen-
tration. [b] Deviations of �0.3 �C were obtained in triplicate experiments
unless otherwise specified. [c] The Tm values were obtained by fitting of the
melting profile to a two-state transition model. [d] Tm values were obtained
as the maxima of the first derivatives of the absorbance versus temperature
curves.
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nance frequencies of 400.23 MHz (100.62 MHz for 13C, 161.98 MHz for
31P). Chemical shifts are in ppm relative to TMS. J values are given in
Hz. Thin layer chromatography was performed on Merck silica gel
60 F254 precoated plates, and column flash chromatography on silica
gel 60 (Merck). HPLC analysis and purification was performed on
Jasco HPLC systems. Highly crosslinked aminopolystyrene support
was obtained from Applied Biosystems. Non-modified oligonucleo-
tides used for the melting experiments were obtained from
Dharmacon Research (Boulder, CO, USA). They were purified by
reversed-phase HPLC and freeze-dried three times before use.


Synthesis of monomers


Synthesis of 3�,5�-TIPS-6-deamino-6-chloro-7-deazaadenosine (2):
1,3-Dichloro-1,1,3,3-tetraisopropyldisiloxane (4.80 g, 14.88 mmol)
was added by syringe to a stirred solution of 6-chloro-7-deaza-
adenosine (3.54 g, 12.4 mmol) in dry pyridine (2 mL). The reaction
mixture was stirred overnight at room temperature. After addition of
methanol (1 mL) and dilution with dichloromethane, the mixture was
extracted with sat. NaHCO3 solution. After drying, filtration and
concentration, the crude product was purified by column chroma-
tography on silica gel with dichloromethane/methanol (20:1) as
eluent, yielding the desired compound (6.25 g, 11.8 mmol, 95%). Rf�
0.77 (6% methanol in dichloromethane); 1H NMR (500 MHz, CDCl3):
��8.61 (s, 1H), 7.46 (d, J� 3.7 Hz, 1H), 6.62 (d, J� 3.7 Hz, 1H), 6.14 (d,
J�1.5 Hz, 1H), 4.93 (dd, J� 6.9, 5.9 Hz, 1H), 4.47 (m, 1H), 4.03 ±4.15
(m, 3H), 1.00 ± 1.15 (m, 28H) ppm; 13C NMR (100 MHz, CDCl3): ��
150.8, 127.8, 118.6, 118.2, 100.4, 90.4, 82.0, 75.3, 70.7, 61.7, 17.6, 17.5,
17.5, 17.4, 17.2, 17.2, 17.1, 17.0, 13.5, 13.2, 13.0, 12.8 ppm; EIMSm/z (%):
527 ([M]� , 1), 484 ([M� iPr]� , 100).


Synthesis of 2�-(1-naphthylmethylene)-3�,5�-TIPS-6-chloro-7-de-
azaadenosine (3): CrO3 (3.54 g, 35.4 mmol) was suspended in dry
dichloromethane (71 mL) and the mixture was cooled to 0 �C.
Subsequently, pyridine (5.72 mL, 70.8 mmol) was added, followed by
acetic anhydride (3.35 mL, 35.4 mmol). The mixture was stirred at
0 �C under nitrogen atmosphere for 1 h. A solution of 2 (6.25 g,
11.8 mmol) in dichloromethane (45 mL) was added dropwise. The
reaction mixture was stirred in an ice/water bath for 2 h, poured into
cold ethyl acetate (400 mL) and filtered through a layer of silica gel.
The product was isolated after chromatography on silica gel with
dichloromethane/methanol (15:1), yielding 5.54 g (10.1 mmol, 86%)
of the desired compound.


(1-Naphthylmethyl)triphenylphosphonium chloride was prepared by
mixing (1-naphthylmethyl)chloride (3.53 g, 20.0 mmol) and triphe-
nylphosphine (4.90 g, 18.7 mmol) and heating the mixture at 100 �C
for 15 min. The salt precipitates and can be isolated in quantitative
yield after cooling, powdering, thorough washing with diethyl ether
and drying in vacuo.


n-Butyllithium (16.2 mL of a 1.6M solution in hexane, 26 mmol,
2.6 equiv.) was slowly added by syringe, at room temperature, to
a suspension of (1-naphthylmethyl)triphenylphosphonium chloride
(12.5 g, 28.3 mmol, 2.8 equiv.) in THF (170 mL). The reaction mixture
turned red. After the mixture had been stirred for 25 min, a solution
of 2�-keto-3�,5�-TIPS-6-chloro-7-deaza-adenosine (5.54 g, 10.1 mmol)
in THF (130 mL) was added dropwise. The reaction mixture was
stirred for 3 h at 60 �C. Diethyl ether was then added, and the solid
material was filtered off. The residue was poured into saturated
NaHCO3 solution, the aqueous phase was extracted three times with
diethyl ether, and the combined organic phases were washed with
brine. After drying over Na2SO4, the solvent was removed in vacuo.
The crude material was purified by column chromatography on silica
gel with dichloromethane/methanol (99:1) as eluent. The major
isomer was isolated (4.79 g, 7.37 mmol, 73%). Rf�0.61 (2% meth-
anol/dichloromethane); 1H NMR (400 MHz, CDCl3): �� 8.47 (s, 1H),
7.75 (d, J� 7.8 Hz, 1H), 7.69 (d, J� 8.3 Hz, 1H), 7.62 (d, J�8.3 Hz, 1H),
7.30 ± 7.46 (m, 2H), 7.08 (t, J�7.7 Hz, 1H), 7.00 (d, J�3.7 Hz, 1H), 6.75
(t, J� 1.7 Hz, 1H), 6.70 (d, J�7.1 Hz, 1H), 6.38 (d, J�3.7 Hz, 1H), 5.62
(dt, J� 8.3, 2.1 Hz, 1H), 4.14 (d, J�3.7 Hz, 2H), 3.90 (m, 1H), 1.12 ±
1.28 (m, 28H) ppm; 13C NMR (100 MHz, CDCl3): ��151.0 (CH), 142.6
(C), 133.7 (C), 132.3 (C), 131.5 (C), 128.8 (CH), 128.6 (CH), 127.5 (CH),
126.5 (CH), 126.4 (C), 126.0 (CH), 125.8 (CH), 125.3 (CH), 124.2 (CH),
118.4 (C), 101.1 (CH), 82.9 (CH), 82.4 (CH), 73.4 (CH), 62.4 (CH2), 17.9
(CH), 17.8 (CH), 17.7 (CH), 17.7 (CH), 17.5 (CH), 17.4 (CH), 14.1 (C), 13.5
(C), 13.3 (C), 13.2 (C) ppm; HRMS calcd. for C34H44ClN3O4Si2 650.2637,
found: 650.2642.


Synthesis of 2�-(1-naphthylmethylene)-7-deazaadenosine (4): A
suspension of 3 (0.958 g, 1.47 mmol) in dioxane (3 mL) was added to
a cooled (�78 �C) pressure vessel containing liquid ammonia
(60 mL). The vessel was sealed and heated at 80 �C for 4 days, then
cooled down to �78 �C and opened. The ammonia was evaporated
under a gentle N2 stream, after which the residue was dissolved in
methanol and concentrated. TLC analysis showed complete disap-
pearance of starting material. THF (10 mL) was then added, followed
by tetrabutylammonium fluoride (TBAF, 1.2 g, 4.61 mmol, 3 equiv.),


Table 2. Melting temperatures (Tm) for complexes of 2�-(1-naphthylmethyl)tubercidin-modified 2�-O-methyloligoribonucleotides with DNA and RNA complements
resulting in different bulge sizes.[a]


Tm [�C][b]


Complement Complex with 10 Complex with 11 Complex with 12 Complex with 13


DNA-complements
5�-TCTGTGTACTC-3� 39.8[c] 32.2 41.1 33.1[c]


5�-TCTGATGTACTC-3� 29.6 26.6 31.7 27.9
5�-TCTGAATGTACT C-3� 23.9 24.5 26.1 25.6
5�-TCTGAAATGTACT C-3� 23.5[c] 20.6 23.9 21.8[c]


RNA-complements
5�-UCUGUGUACUC-3� 55.3 42.9 57.2 43.0
5�-UCUGAUGUACUC-3� 42.7 40.5 43.9 40.0
5�-UCUGAAUGUACUC-3� 35.9 39.8 37.0 38.9
5�-UCUGAAAUGUACUC-3� 33.7 34.9 35.2 34.8


[a] Determined at 260 nm. Measured in 0.1M NaCl, 10 mM sodium phosphate buffer (pH 7.0) containing 0.1 mM EDTA with 4 �M single strand concentration.
[b] The Tm values were obtained by fitting of the melting profile to a two-state transition model. Deviations of �0.3 �C were obtained in triplicate experiments
unless otherwise specified. [c] Uncertainty of �0.5 ±1 �C. The curves display a slight tendency towards biphasic behaviour.
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and the reaction mixture was stirred at RT for 1.5 h. After concen-
tration, the crude reaction mixture was purified by column
chromatography on silica gel (dichloromethane/methanol
88:12�80:20), yielding the desired compound (459 mg, 1.18 mmol,
80%). Rf� 0.33 (10% methanol/dichloromethane); 1H NMR
(400 MHz, CD3OD): ��7.88 (s, 1H), 7.87 ± 7.90 (m, 1H), 7.72 (m, 1H),
7.53 (d, J� 8.23 Hz, 1H), 7.43 (s, 1H), 7.41 ± 7.43 (m, 2H), 6.95 (m, 2H),
6.92 (d, J� 3.79 Hz, 1H), 6.75 (d, J�7.03 Hz, 1H), 6.22 (d, J� 3.73 Hz,
1H), 5.10 (d, J� 6.95 Hz, 1H), 3.95 (m, 2H), 3.84 (m, 1H) ppm; 13C NMR
(100 MHz, CDCl3): �� 157.6 (C), 150.9 (CH), 149.4 (C), 144.7 (C), 133.7
(C), 132.2 (C), 131.4 (C), 128.2 (CH), 127.9 (CH), 126.7 (CH), 126.0 (CH),
125.8 (CH), 125.6 (CH), 124.7 (CH), 124.3 (CH), 122.7 (CH), 103.1 (C),
100.1 (CH), 84.6 (CH), 82.2 (CH), 72.2 (CH), 61.8 (CH2) ppm; TOF-MS-
ES� m/z (%): 389.0 ([M¥�H]� , 100), 777.2 ([2�M¥�H]� , 22).


Synthesis of 2�-(1-naphthylmethyl)-7-deazaadenosine (5): Pd/C
(100 mg) was suspended in methanol (3 mL) and the mixture was
presaturated with hydrogen for 15 min. 2�-(1-Naphthylmethylene)-7-
deazaadenosine (4, 459 mg, 1.18 mmol) was dissolved in methanol
(8 mL) and the solution was added to the reaction mixture. After the
mixture had been stirred for 5 h, TLC showed complete conversion of
starting material. The reaction mixture was filtered through Celite,
which was washed with methanol. At this stage it was difficult to
separate the isomers by column chromatography. The solvent was
removed in vacuo, yielding the desired compound (approximately
390 mg) as a�1:5.5 mixture of 2�-isomers (as estimated by 1H NMR of
the crude reaction mixture). The residue was then purified by column
chromatography (CH2Cl2/methanol 92:8), yielding 47 mg of the first
eluting minor isomer and 330 mg of an almost pure fraction of the
major isomer. This last fraction was used as such in the subsequent
reaction (base protection), after which the remaining traces of the
minor isomer could be easily removed by chromatography.


A small amount of the last fraction was purified by repeated
chromatography (CHCl3/methanol 92:8) to provide the pure major
isomer for spectral characterization.


First eluting (minor) isomer (2�-�): Rf� 0.45 (methanol/dichlorometh-
ane 8:92); 1H NMR (400 MHz, CD3OD): �� 7.96 (s, 1H), 7.70 (d, J�
8.1 Hz, 1H), 7.53 (d, J�8.2 Hz, 1H), 7.44 (d, J�8.4 Hz, 1H), 7.32 (t, J�
7.6 Hz, 1H), 7.28 (d, J� 6.7 Hz, 1H), 7.15 (m, 2H), 6.99 (d, J� 3.6 Hz,
1H), 6.33 (d, J�3.6 Hz, 1H), 6.18 (d, J�9.7 Hz, 1H), 4.35 (d, J� 5.0 Hz,
1H), 4.14 (t, J� 3.1 Hz, 1H), 3.77 (dd, J�3.3, 12.3 Hz, 1H), 3.70 (dd,
J�3.0, 12.3 Hz, 1H), 3.54 (m, 1H), 3.41 (m, 1H), 3.06 (dd, J� 6.2 Hz,
13.8 Hz, 1H) ppm; 13C NMR (100 MHz, CD3OD): �� 152.0 (CH), 136.8
(C), 135.7 (C), 130.0 (CH), 128.3 (CH), 128.2 (CH), 126.9 (CH), 126.7
(CH), 126.5 (CH), 125.0 (C), 124.6 (CH), 100.7 (CH), 91.9 (CH), 90.1 (CH),
74.7 (CH), 64.6 (CH2), 37.3 (CH2) ppm.


Last eluting (major) isomer (2�-�): Rf�0.41 (methanol/dichlorometh-
ane 8:92); 1H NMR (400 MHz, CD3OD): �� 7.84 (m, 1H), 7.84 (s, 1H),
7.78 (m, 1H), 7.60 (d, J�8.3 Hz, 1H), 7.45 (d, J� 3.6 Hz, 1H), 7.41 (m,
1H), 7.02 (dd, J� 7.2, 8.0 Hz, 1H), 6.72 (d, J�3.6 Hz, 1H), 6.46 (d, J�
6.9 Hz, 1H), 6.39 (d, J� 7.7 Hz, 1H), 4.53 (dd, J�8.0, 9.2 Hz, 1H), 3.97
(dd, J�1.7, 11.7 Hz, 1H), 3.85 (dd, J�3.9, 11.7 Hz, 1H), 3.82 (m, 1H),
3.35 (m, 1H), 3.22 (m, 1H), 2.71 (dd, J�9.9, 14.4 Hz, 1H) ppm;
13C NMR (100 MHz, CD3OD): ��151.3 (CH), 136.3 (C), 135.7 (C), 133.3
(C), 130.1 (CH), 128.4 (CH), 127.9 (CH), 127.1 (CH), 126.8 (CH), 126.5
(CH), 125.1 (CH), 124.8 (CH), 101.3 (CH), 86.3 (CH), 85.9 (CH), 75.2 (CH),
62.3 (CH2), 53.1 (CH), 31.7 (CH2) ppm; TOF-MS-ES� m/z (%) 391.0
([M¥�H]� , 100); 781.2 ([2�M¥�H]� , 46) ; HRMS calcd. C22H22N4O3


391.1770, found: 391.1778.


Synthesis of 2�-(1-naphthylmethyl)-5�-monomethoxytrityl-6-N-bu-
tyryl-7-deazaadenosine : 2�-(1-Naphthylmethyl)-7-deazaadenosine
(5, 136 mg, 0.35 mmol) was dried by evaporation of added dry
pyridine (twice) under reduced pressure. Subsequent removal of


solvent was carried out at low pressure for 3 h. After 5 had again
been dissolved in dry pyridine (3 mL), trimethylsilylchloride (TMSCl,
0.220 mL, 1.74 mmol, 5 equiv.) was added and the reaction mixture
was stirred at room temperature for 1 h. TLC analysis showed
complete silylation. Butyric anhydride (0.057 mL, 0.35 mmol, 1 equiv.)
was added, whereupon the mixture was stirred at room temperature
for 5.5 h. Water (0.3 mL) was then added, and the resulting mixture
was stirred overnight. After dilution with dichloromethane, the
organic layer was washed with brine and dried over Na2SO4. The
crude product was purified by column chromatography on silica gel
with dichloromethane/acetone (7:3). This yielded the butyryl-pro-
tected material (76 mg, 47%) as a pure isomer. In addition, some of
the other, minor isomer (19 mg, 12%) was also isolated, together
with some dibutyrylated material (23%). Rf�0.20 (dichloromethane/
acetone/methanol 80:18:2) ; 1H NMR (400 MHz, CDCl3): �� 8.71 (brd,
J�9.0 Hz, 1H; NH), 8.48 (s, 1H), 7.90 (d, J�7.7 Hz, 1H), 7.82 (d, J�
7.1 Hz, 1H), 7.67 (d, J�8.2 Hz, 1H), 7.44 ± 7.51 (m, 2H), 7.30 (m, 1H),
7.19 (t, J�7.6 Hz, 1H), 7.04 (d, J� 3.5 Hz, 1H), 6.79 (d, J� 6.8 Hz, 1H),
6.55 (d, J� 7.4 Hz, 1H), 4.88 (t, J� 8.3 Hz, 1H), 4.06 (d, J� 10.8 Hz, 1H),
3.90 (m, 2H), 3.23 (m, 1H), 2.95 (dd, J� 14.1, 7.7 Hz, 1H), 2.82 (dd, J�
14.1, 7.5 Hz, 1H), 2.52 (t, J� 7.4 Hz, 2H), 2.35 (m, 1H; OH), 1.80 (sextet,
J�7.4 Hz, 2H), 1.04 (t, J�7.4 Hz, 3H) ppm; 13C NMR (50 MHz, CDCl3):
��171.3, 152.4, 150.3, 150.3, 134.3, 133.9, 131.3, 129.0, 127.7, 126.5,
126.4, 125.8, 125.3, 123.2, 104.3, 84.3, 73.2, 60.7, 51.3, 39.3, 30.7, 18.6,
13.7 ppm; TOF-MS-ES� m/z (%) 462.1 ([M¥�H]� , 92), 922.3 ([2�
M¥�H]� , 100), 1381.4 ([3�M¥�H]� , 68), 1842.6 ([4�M¥�H]� , 15) ;
HRMS calcd. for C26H28N4O4 461.2189, found: 461.2187.


The 2�-(1-naphthylmethyl)-6-N-butyryl-7-deazaadenosine (72 mg)
was then dried under high vacuum overnight. Monomethoxytrityl
tetrafluoroborate (84 mg, 0.16 mmol) (prepared according to pub-
lished procedures)[11] and Li2CO3 (32 mg, 0.43 mmol) were dried
overnight in a drying pistol under high vacuum. The reagents were
mixed in a reaction flask and kept under high vacuum for 2 h. 2,6-
Lutidine (2.5 mL, cooled to 0 �C) was added to the cooled reaction
mixture. The reaction mixture was stirred at 0 �C for 10 min and then
for 2 h at room temperature. The orange colour of the trityl reagent
disappeared within 5 min. After dilution with dichloromethane, the
organic layer was extracted twice with sat. NaHCO3 solution and
dried over Na2SO4. After filtration and concentration, the residue was
coevaporated twice with toluene to remove residual 2,6-lutidine. The
crude product was purified by column chromatography with
dichloromethane/methanol (98:2) containing 0.1% Et3N. The desired
product was isolated in 93% yield (109 mg, 0.15 mmol). Rf�0.30
(acetone/dichloromethane 6:94); 1H NMR (400 MHz, CDCl3): ��8.62
(br, 1H), 8.44 (s, 1H), 7.92 (d, J�8.2 Hz, 1H), 7.81 (d, J� 7.6 Hz, 1H),
7.67 (d, J� 8.2 Hz, 1H), 7.56 (d, J�3.5 Hz, 1H), 7.41 ± 7.52 (m, 6H), 7.40
(m, 4H), 7.28 (m, 2H), 7.20 (t, J� 7.6 Hz, 1H), 7.06 (d, J� 3.7 Hz, 1H),
6.83 ± 6.88 (m, 4H), 4.53 (t, J�8.2 Hz, 1H), 3.94 (m, 1H), 3.82 (s, 3H),
3.53 ± 3.60 (m, 2H), 3.17 (quint, J� 8.4 Hz, 1H), 2.96 (dd, J� 14.0,
6.6 Hz, 1H), 2.75 (dd, J�13.8, 9.0 Hz, 1H), 2.55 (t, J� 7.4 Hz, 2H), 1.84
(sextet, J�7.4 Hz, 2H), 1.07 (t, J�7.4 Hz, 3H) ppm; 13C NMR
(100 MHz, CDCl3): �� 159.1, 153.1, 150.7, 147.6, 144.5, 135.7, 134.8,
134.3, 131.8, 130.9, 129.3, 128.9, 128.4, 127.9, 127.5, 126.8, 126.7,
126.2, 125.6, 125.3, 123.7, 113.6, 104.8, 87.5, 85.3, 83.1, 75.5, 63.4, 55.7,
51.4, 39.7, 31.0, 19.1, 14.1 ppm; TOF-MS-ES� m/z (%) 733.34 ([M¥�H]� ,
100); HRMS; calcd. for C46H44N4O5733.3390, found: 733.3398; ele-
mental analysis calcd. (%) for C46H44N4O5: C 75.39, H 6.05, N 7.64;
found C 75.20, H 6.12, N 7.71.


Synthesis of 2�-(1-naphthylmethyl)-5�-monomethoxytrityl-6-N-bu-
tyryl-7-deaza-adenosine-3�-H-phosphonate (6): Imidazole (78 mg,
1.144 mmol, 10.75 equiv.) was dissolved in dry dichloromethane
(3 mL) and the solution was cooled to �10 �C. PCl3 (0.032 mL,
0.371 mmol, 3.5 equiv.) and Et3N (0.166 mL, 1.193 mmol, 11.25 equiv.)
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were added with vigorous stirring. The resulting mixture was stirred
at �10 �C for 30 min and was then cooled to �78 �C. A solution of 2�-
(naphthylmethyl)-5�-monomethoxytrityl-6-N-butyryl-7-deazaadeno-
sine (78 mg, 0.106 mmol) in dry dichloromethane (1.5 mL) was added
over a period of 30 min, after which stirring was continued at �78 �C.
After 1 h the reaction mixture was quenched at �78 �C with 2 mL of
2.0M triethylammonium bicarbonate (pH 7.5). The reaction mixture
was extracted with dichloromethane. The organic phase was dried
over Na2SO4. Purification by column chromatography with dichloro-
methane/methanol (95:5, 0.1% Et3N) yielded the H-phosphonate as
a pure crystalline product (93 mg, 98%). Rf�0.41 (methanol/
dichloromethane 12:88); 1H NMR (400 MHz, CDCl3): �� 8.19 (s, 1H),
7.78 (m, 1H), 7.74 (d, J�8.3 Hz, 1H), 7.69 (d, J� 7.9 Hz, 1H), 7.52 (s,
0.5H), 7.50 (m, 1H), 7.44 ± 7.46 (m, 5H), 7.32 (m, 3H), 7.15 ± 7.26 (m,
6H), 7.05 (m, 2H), 6.97 (d, J�3.7 Hz, 1H), 6.94 (t, J� 7.6 Hz, 1H), 6.75
(d, J� 8.7 Hz, 2H), 6.61 (d, J� 7.2 Hz, 1H), 6.41 (d, J� 6.9 Hz, 1H), 5.95
(s, 0.5H), 5.06 (dd, J� 7.9, 18.1 Hz, 1H), 4.19 (m, 1H), 3.75 (s, 3H), 3.60
(m, 1H), 3.51 (m, 1H), 3.48 (m, 1H), 3.43 (m, 1H), 3.03 (q, J�7.3 Hz,
6H), 2.66 (dd, J� 9.5, 14.3 Hz, 1H), 2.55 (t, J� 7.3 Hz, 2H), 1.80 (m,
2H), 1.33 (t, J� 7.3 Hz, 9H), 1.03 (t, J� 7.3 Hz, 3H) ppm; 13C NMR
(100 MHz, CDCl3): ��171.9, 158.8, 153.0, 150.4, 150.2, 144.6, 144.5,
135.7, 134.6, 134.0, 131.8, 130.9, 129.0, 129.0, 128.1, 127.3, 126.8,
126.1, 125.6, 125.5, 125.4, 123.8, 113.4, 108.5, 105.0, 87.1, 84.6, 82,7,
82.69, 76.6, 63.4, 55.6, 50.5, 46.1, 39.6, 30.2, 19.1, 14.1, 9.0 ppm; 31P
NMR (161 MHz, decoupled, CDCl3): ��3.15(s) ppm; 31P NMR
(161 MHz, CDCl3): �� 3.77 (d, J� 630 Hz) ppm; TOF-MS-ES� m/z
(%): 797.1 ([M¥� Et3N]� , 100), 898.26 ([M¥]� , 10), 999.36 ([M¥�Et3N]� ,
10); HRMS calcd. for C46H45N4O7P 797.3104, found: 797.3098.


Preparation of modified solid support


Synthesis of succinic acid mono-[2�-(1-naphthylmethyl)-5�-mono-
methoxytrityl-6-N-butyryl-7-deaza-adenosin-3�-yl] ester : 2�-(1-
Naphthylmethyl)-5�-monomethoxytrityl-6-N-butyryl-7-deazaadeno-
sine (95 mg, 0.130 mmol) was dissolved in dry dichloromethane
(1.5 mL) and the solution was cooled to �78 �C. Succinic anhydride
(16 mg, 0.156 mmol, 1.2 equiv.) and N,N-dimethylaminopyridine
(24 mg, 0.195 mmol, 1.5 equiv.) were added, and the reaction mixture
was stirred at RT for 5 h. Dilution with dichloromethane was followed
by extraction with cold 10% citric acid (2� ), water and brine. The
aqueous layer was back-extracted with dichloromethane and the
combined organic phases were dried over Na2SO4. Purification by
column chromatography with dichloromethane/methanol (dichloro-
methane/methanol; 97:3�92:8; 0.1% Et3N) yielded the desired
succinate in 88% yield (95 mg, 0.1 mmol). Rf� 0.18 (methanol/
dichloromethane 5:95); 1H NMR (400 MHz, CDCl3): �� 10.1 ± 11 (br,
1H; COOH), 9.73 (br s, 1H), 8.32 (s, 1H), 7.76 (dd, J�12.4, 8.3 Hz, 1H),
7.64 (d, J�3.5 Hz, 1H), 7.58 (d, J�8.3 Hz, 1H), 7.49 ± 7.50 (m, 4H),
7.37 ± 7.45 (m, 4H), 7.27 ± 7.31 (m, 4H), 7.21 ± 7.23 (m, 2H), 7.12 (t, J�
7.6 Hz, 1H), 7.03 (d, J�3.6 Hz, 1H), 6.82 (d, J� 8.8 Hz, 2H), 6.78 (t, J�
7.3 Hz, 2H), 5.83 (t, J�7.5 Hz, 1H), 4.07 (m, 1H), 3.78 (s, 3H), 3.51 (m,
2H), 3.48 (m, 1H), 1.69 (dd, J�14.5, 6.8 Hz, 1H), 2.81 (dd, J� 14.5,
8.7 Hz, 1H), 2.51 (t, J� 7.4 Hz, 2H), 2.42 (t, J� 6,9 Hz, 2H), 2.25 ±2.32
(m, 1H), 2.14 ± 2.20 (m, 1H), 1.79 (sextet, J�7.4 Hz, 2H), 1.03 (t, J�
7.4 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3): �� 177.6, 172.4, 172.2,
159.0, 152.8, 150.5, 149.8, 144.5, 144.3, 135.6, 134.2, 134.1, 131.7,
130.9, 129.1, 129.0, 128.9, 128.2, 127.6, 127.4, 126.9, 126.5, 125.9,
125.5, 123.7, 113.5, 108.8, 105.3, 87.4, 85.3, 81.9, 75.5, 63.0, 55.6, 49.0,
39.4, 30.7, 30.4, 30.0, 19.1, 14.1 ppm; TOF-MS-ES� m/z (%): 834.06
([M¥�H]� , 100); HRMS calcd. for C50H48N4O8 833.3550, found
833.3567; elemental analysis calcd (%) for C50H48N4O8: C 72.10, H
5.81, N 6.73; found: C 71.89, H 5.73, N 6.63.


Preparation of succinic acid mono-[2�-(1-naphthylmethyl)-5�-
monomethoxytrityl-6-N-butyryl-7-deaza-adenosine-3�-yl] ester
modified polystyrene : Aminomethylpolystyrene (32.9 �molg�1,


150 mg) was washed with DMF and treated for 10 min with 2 mL
DMF/piperidine (4:1). After washes with DMF (2� 1 mL), dichloro-
methane (3�1 mL), acetonitrile (3� 1 mL) and diethyl ether (3�
1mL), the resin was dried under high vacuum overnight. Succinate
14 (95 mg, 0.1 mmol) was coevaporated with dry pyridine (3� 2 mL)
and dissolved in 1 mL of dry dichloromethane. N,N�-dicyclohexylcar-
bodiimide (11 mg, 0.053 mmol) was added, and the solution was
stirred for 30 min at RT and for 1 h at 4 �C. The white precipitate was
removed by filtration through a syringe filter, and the filtrate was
concentrated, redissolved in 0.5 mL DMF/pyridine (4:1) and placed
on the support. The suspension was shaken at RT for 24 h. After
filtration, the support was washed with DMF (5�5 mL), methanol
(5�5 mL) and acetonitrile (5�5 mL). The resin was then capped by
treatment with 1 mL of acetic anhydride/pyridine (1:1) containing
1% of Et3N, subsequently washed with pyridine (3�1 mL), acetoni-
trile (5�1 mL) and dry dichloromethane (2� 1 mL) and dried under
high vacuum. A small sample was treated with 1% trifluoroacetic
acid in dichloroethane and the loading was determined to be
31.6 �molg�1 by UV quantification at 480 nm.


Synthesis and purification of modified oligonucleotides : The solid-
phase synthesis of oligonucleotides including the use of labile N-
protecting groups in the H-phosphonate approach has been
reported previously.[13] Oligonucleotides were synthesized by use
of H-phosphonate building blocks on a DNA synthesizer (Pharmacia
Gene Assembler). The average coupling efficiency was 98.9%,
including for the modified building blocks. Synthesized oligonucleo-
tides were cleaved from the support and deprotected with 32%
NH4OH for 12 ± 15 h at 55 �C. The ammonia solutions were lyophilised
and the residue was dissolved in 30% CH3CN and filtered through a
disposable syringe filter (Millex GV13, 0.22 �m). The oligonucleotides
were analysed and purified on ion-exchange HPLC. Dionex Nucle-
oPac PA-100 (4.250) was used for analytical runs and Dionex
NucleoPac PA-100 (9.250) for preparative runs, with a linear gradient
of 0 ± 90 mM LiClO4 in 20 mM sodium acetate (pH 6.5), 30% CH3CN.
The collected fractions were lyophilised and then purified on
reversed-phase HPLC Hypersil ODS (25 ¥ 4.6 mm) for analytical runs
and Hypersil ODS (25 ¥ 10 mm) for preparative runs. A linear gradient
of 0 ± 25% CH3CN in 50 mM triethylammonium acetate (pH 6.5) was
used. The oligonucleotides were collected, lyophilised, redissolved in
water and lyophilised before quantification. The integrity of the
purified oligonucleotides was verified by TOF-ES mass spectral
analysis recording in negative mode.


Determination of duplex stability : Oligonucleotides (commercial
and synthesized) were quantified by their calculated extinction
coefficients, assuming only nearest-neighbour interactions among
the bases in the sequence.[15] For the 2�-(1-naphthylmethyl)-tuber-
cidin derivative building block the extinction coefficient was
approximated by summation of the �260 value for 7-deazaadeno-
sine[16] and the �260 value for naphthalene.[17] Duplex stability was
determined by published procedures.[18] Absorbance versus temper-
ature profiles were measured on a Cary 3E UV/VIS spectrophotom-
eter (Varian, Australia) containing a Cary thermoelectrical temper-
ature-controlled 6� 6 sample holder and interfaced to an IBM-
compatible PC computer. All solutions were prepared with a buffer
containing 10 mM sodium phosphate, 100 mM NaCl and 0.1 mM EDTA,
adjusted to pH 7.0. The mixtures (containing a 1:1 strand ratio of
oligonucleotides, 4 �M total strand concentration) were heated to
90 �C and allowed to cool to 1 �C. After 5 min at that temperature,
denaturation was monitored at 260 nm as a function of temperature,
increasing from 1 to 80 �C at a ramp rate of 0.2 �Cmin�1. Melting
temperatures (Tms) below 20 �C were obtained as the maxima of the
first derivatives of the absorbance versus temperature functions and
have errors of �0.3 �C (unless otherwise specified). Tm values above
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20 �C were calculated by a two-state model using the hyper-
chromicity method from the CARY UV-Win Software; errors in these
cases were in the range of �0.3 �C (unless otherwise specified).
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Evidence for the Combined Participation of a C10


and a C15 Precursor in the Biosynthesis of
Moenocinol, the Lipid Part of the Moenomycin
Antibiotics
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Upon feeding of [2-13C,4-2H]-1-deoxy-D-xylulose to Streptomyces
ghanaensis, the deuterium label was retained exclusively at
positions C-7 and C-17 in the moenocinol part of the moenomycin
antibiotics. This result vindicates the hypothesis that the C25


structure of moenocinol is assembled from a C10 and a C15
precursor, each of which requires for its formation the involvement
of a dimethylallyl diphosphate starter unit.


Introduction


The lipid (moenocinol) part 1 of the moenomycin antibiotics has
been found to be completely isoprenoid and to be assembled
via the nonmevalonate pathway.[1, 2] On the basis of a set of
labeling experiments (Streptomyces ghanaensis), the mechanism
depicted in Scheme 1 has been proposed to account for the


Scheme 1. Mechanism of the formation of 1 from two terpenoid precursors.


formation of 1 from two terpenoid precursors. In particular, a
labeling experiment with 1-deoxy-D-xylulose 13C-labeled at
positions 2 and 5 (see � in Scheme 1) provided clear evidence
for the assembly of the carbon skeleton of 1 as indicated in
Scheme 1.[3] The mechanistic rationale implies that two di-
methylallyl starter units are involved in the biosynthetic process,
an assumption that we attempted to prove independently by


exploiting the potential of the branching signature that is
characteristic for the nonmevalonate pathway.
The formation of isopentenyl diphosphate (IPP; 5a, Scheme 2)


and dimethylallyl diphosphate (DMAPP, 6a) from mevalonic acid
diphosphate occurs sequentially, that is, the mevalonic acid
diphosphate is first converted into IPP, which is then rearranged
under the influence of an isomerase (Idi) by addition of a proton
to C-4 and removal of a proton from C-2.[4] In contrast, in the
nonmevalonate pathway a branching is responsible for the
isomerase-independent formation of a 6:1 mixture of IPP and
DMAPP from 4-hydroxy-3-methyl-2-(E)-butenyl diphosphate
(3a).
The branching was first postulated based on feeding experi-


ments with precursors that are processed to give intermediate
3b with a deuterium label at the 2-position[5, 6] and was later
proven by genetic methods[7] as well as by 13C NMR spectros-
copy[8] and HPLC ±MS results,[9] respectively, by using the
recombinant purified enzyme IspH (LytB) and reducing agents.
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Subsequent work demonstrated that 3a is converted to IPP and
DMAPP by two one-electron reduction steps and mechanistic
schemes involving protonation of an allylic anion intermediate
have been suggested.[9±11] The available evidence requires that
the hydrogen ligand introduced at C-2 of IPP in the last
reduction step resides in the enantiotopic Si half-space.[12, 13] If a
precursor such as 2b is used, monodeuterated IPP and DMAPP
(5b and 6b, respectively) are formed. Poulter has shown that in
Escherichia coli, as in yeast and higher eukaryotes, both the
isomerase[14] and the prenyltransferase[15] (specifically the farne-
syl diphosphate synthase) remove the 2Re proton (X in 5a) of IPP.
Depending on the presence and activity of the isomerase,
different deuterium labeling patterns of the terpenes derived
from 5b and 6b can be expected and have indeed been found.
In the case of E. coli the isomerase is dispensable and of
low activity.[16] This means that the allyl starter unit
retains the deuterium label, whereas IPP looses it in the
elongation step, and the resulting terpenes display a
deuterium label solely in the starter unit (7b).[5, 6] When
DMAPP is isomerized to IPP before the elongation step
occurs, terpenes 7a (arising from the equilibrium
5b�6a�5a) and 7c (arising from 6b�5c) are to
be expected. This situation has been found in Cathar-
antus roseus,[17] Zymomonas mobilis[11] and tobacco BY-2
cells.[13] In intermediate cases, the isomerase and the
prenyltransferase compete for 5b with comparable
efficiency and all three types of terpenes (7a, 7b, 7c) are
formed. This situation was identified for Eucalyptus
globulus (biosynthesis of cineol).[12] It should be stressed
that the expected 7c, which is formed only to a minor


extent, has not actually been identified experimentally in
all cases (see below). Clearly, whether and to what extent
equilibration of IPP and DMAPP precedes their incorpo-
ration into terpenes is not predictable (unless, of course,
the absence of the isomerase can be demonstrated) and
the issue has to be settled in each case by appropriate
experimentation.
If the situation in S. ghanaensis is similar to that in


E. coli and E. globulus, the suggested involvement of two
starter units in the biosynthesis of moenocinol could be
proven. This problem is the subject of this publication.


Results and Discussion


We have studied the fate of the 2-HRe proton of IPP and
the 2-H proton of DMAPP during the formation of
moenocinol by feeding experiments using isotopomers
of 1-deoxy-D-xylulose containing an 2H label at C-4 (see
formula 8 in Scheme 3).[18] In the course of these studies
a number of severe problems arose. One of these
problems could be expected: to produce sufficient
amounts of moenomycin a rather rich fermentation
medium has to be used with the effect that the
incorporation rates of labeled precursors are quite low
(1 ± 3%).[1] Furthermore, as a result of aggregate forma-
tion, moenomycin gives very poor 1H NMR spectra at
concentrations higher than 5� 10�4 molL�1 [19] and since,


in addition, 2H NMR signals are inherently broader than 1H NMR
signals, it turned out that 2H NMR spectroscopy was of very
limited value for the localization of the deuterium label in the
moenocinol unit of moenomycin after feeding of the 2H-labeled
precursors 8a,[5] 8b[6] (prepared by the Giner route[20] ), and (in a
model experiment) [6,6�-2H2]-D-glucose, from which terpenes
are formed via a tetra-deuterated 1-deoxy-D-xylulose-5-phos-
phate.[18] The second problem was more unexpected: We have
previously found that the wild-type strain of S. ghanaensis
produces such small amounts of moenomycin that it is of no use
for biosynthetic experiments. We employed, therefore, the semi-
producing strain H2 (obtained by continuous industrial efforts at
strain optimization), which was kindly given to us by BC
Biochemie (Frankfurt). We have worked with this strain in our


Scheme 2. The formation of IPP (5a) and DMAPP (6a) from mevalonic acid diphosphate
occurs sequentially.


Scheme 3. For the labeling pattern of 9, see the text.
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laboratory for several years (stored as frozen culture at
�80 �C, and, when necessary, processed by using pre-
cultures, as described previously).[1] However, in the
course of the work described herein, the line was found
to be genetically unstable.[21] In a number of experiments
the amount of produced moenomycin was fairly low and
the moenocinol unit was only labeled in the geraniol-
derived part.[18] To overcome these obstacles a further set
of feeding experiments was performed 1) with a new
batch of the H2 strain (H2n, kindly supplied by BC
Biochemie) and 2) by using the double labeling strategy
in which a 13C reporter nucleus is placed two bonds away
from the site that carries the deuterium label[22] (for a
successful application of this strategy in a related case,
see ref. [12]).


Synthesis of the labeled precursor 8c


Compound 8c was prepared by our previously reported
synthetic pathway[1b] (Scheme 4), which combines fea-
tures of the Giner[20] and Kennedy[23] methods (18%
overall yield after 11 steps).[18] 1-Deoxy-D-xylulose can
exist in an open-chain and two cyclized forms. In different
experiments the NMR spectra revealed the presence of the three
forms of 8c/8c� in varying ratios. No attempt was made to
achieve equilibration. We used the samples for the feeding
experiments as they were obtained after purification.


Feeding experiments


Feeding experiments with compounds 8a, 8b, and 8c, and
isolation of the moenomycin complex were performed as
described previously.[1, 18] HPLC and ESI-MS of the complex
revealed the presence of moenomycins A, A12, C1, C3, C4.[24] It was
unnecessary to separate the mixture since both 1H and 13C NMR
spectra furnished a single set of signals for the lipid part. The
signals were assigned as described by Donnerstag et al.[19] and
Kurz et al.[25] In the [2-13C,4-2H]-1-deoxy-D-xylulose (8c) experi-
ment, the precursor was fed to S. ghanaensis H2n to reach a final
concentration of 0.6 molL�1. The moenomycin sample obtained
was beautifully pure and gave very clean NMR spectra. For a
quantitative analysis, the 13C NMR spectra of unlabeled and
labeled moenomycin samples were recorded under strictly
identical conditions (inverse gated decoupling). The enrich-
ments were calculated by comparing the corresponding signals
(referenced to C-2 of moenomycin unit A[1] ) of labeled and
unlabeled moenomycin by a known procedure[26] that disclosed
13C enrichments in the following positions of 9 (see Scheme 3):
C-3 (2%), C-8 (3%), C-11 (3%), C-14 (2%), C-18 (2%). Two of the
13C-enriched signals, namely those of C-8 and C-18, were
accompanied by up-field-shifted satellites (���102.6 and
87.5 ppb, respectively; see Figure 1 and Table 1) originating from
the 2H �-shift.
The C-18 signals could be integrated with confidence. The


main signal represents the natural background 13C signal (see
Scheme 5, A�) and the 13C signal generated from the proffered
precursor without 2H at C-17 (Scheme 5, formula A, * indicates


Figure 1. Part of the 13C NMR spectrum of moenocinol showing the signals of C-8
(left) and C-18 (right). The spectrum shows results from the feeding experiment
with 8c (see also Scheme 5).


13C label), whereas the satellite corresponds to the isotopomer B,
which has a 13C label at C-18 and an 2H label at C-17. The ratio of
the integrals of the satellite and the nonshifted signal (after
correction for the natural abundant background signal[1] ) was
41:59, which indicates that 59% of the 2H label was washed out
from the doubly labeled precursor 8c in the DMAPP starter unit
in the course of the formation of the moenocinol framework.


Scheme 4. Synthesis of 8c.
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Scheme 5. Isotopomers of 9 after the feeding experiment with 8c.


The C-8 signal cluster was more complicated. We assume that
it originates from isotopomers C� and C (unshifted singlet), D
(unshifted doublet, 3J8,11� 3.8 Hz),[28] E (shifted singlet), and F
(shifted doublet, 3J8,11� 3.8 Hz). The ratio of the integrals of the
satellites and the nonshifted signals (after correction for the
natural abundant background signal) was 48:52. If one compares
the signals of F (which stems from two labeled precursor units)
with that of E (stemming from the assembly of a labeled and an
unlabeled precursor unit of endogenous origin), a ratio of about
2:1 may be roughly estimated, in agreement with previous
results.[3]


Conclusions


The spectroscopic results reported here indicate that sizable
amounts of the deuterium label of the precursor 8c are retained
in two of the five C5 units from which moenocinol is assembled.
According to the tenets of the nonmevalonate pathway
discussed in detail in the introduction, these two building
blocks must derive from the DMAPP starter unit 11a generated
directly in the enzymatic reduction of 3b (with a 13C label at C-3).
In addition, the location of these units within the framework of
moenocinol demonstrates that the C25 compound is indeed
assembled from a C10 and a C15 precursor by the route outlined in
Scheme 1.
The apparent partial losses of deuterium detected at C-7 and


C-17 (52 and 59%, respectively, compared to the starting
material) are fairly similar to those previously observed for the
biosynthesis of cineol in E. globulus[12] and confirm the partic-


ipation in the biosynthetic process of deuterium-free DMAPP
(11b) generated by subsequent isomerization of preformed IPP
(10a). At the same time, of course, when the isomerase is
operating in the opposite direction a certain amount of
preformed DMAPP (11a) will be converted into labeled IPP
(10b) resulting in retention of the deuterium label in the
elongation step. No signals corresponding to such a labeling
pattern could be detected in the study described herein. This
fact, however, does not necessarily contradict the argument. By
assuming an approximate 6:1 ratio of IPP and DMAPP in the
mixture generated in the bifurcation step of their biosynthesis
(as is known to be the case for the E. coli reductase) and keeping
in mind that the equilibrium constant of the isomerization
process[10] dictates a value of 7:3 for the ratio of the rate
constants k(IPP)/k(DMAPP) , it is possible to estimate that while the
specific deuterium content in the DMAPP pool 11a/11b drops
from 1.0 to 0.5 D, the fraction of molecules in the IPP pool that
retains the deuterium label in the elongation step (10b) will
increase only from 0 to about 2%.
In practical terms, this argument implies that, in the feeding


experiment with 8c, deuterium-shifted 13C satellites diagnostic
for the incorporation of IPP units of type 10b will hardly be
detectable as their intensities ought to be reduced by a factor of
about 25 with respect to those of corresponding satellites
associated with C5 units derived from the original starter
groups.[29]


Experimental section


Instruments : NMR spectroscopy: Gemini 200 and Gemini 2000
(Varian, 1H NMR 200 MHz, 13C NMR 50 MHz), Gemini 300 (Varian,
1H NMR 300 MHz, 13C NMR 75 MHz), DRX 400 (Bruker, 1H NMR
400 MHz, 13C NMR 100 MHz, 2H NMR 61 MHz), DRX-600 (Bruker,
1H NMR 600 MHz, 13C NMR 150 MHz, 2H NMR 92 MHz); Mass spec-
trometry: EI-MS: VG-12-250 (Vacuum Generators, 70 eV), ESI-MS: FT-
ICR MS Apex II (Bruker Daltonics) ; optical rotation: Polartronic (Carl
Zeiss Jena, sodium D line, 0.5-dm cell) ; preparative medium pressure
chromatography was performed on self-packed columns (65-g RP18
material, 40 ± 63 �m, LiChroprep¾ (Merck) or Polygoprep 60-50 C18
(Macherey Nagel)). Fermentation experiments were performed in a
gyrotary shaker (Thermoshaker; Gerhardt) at 37 �C and 160 rpm.
Sterile work was performed in a cleanbench (InterMed Nunc).


[2-13C,4-2H]-1-Deoxy-D-xylulose (8c): 1H NMR (200 MHz, CD3OD):
��1.32 ± 1.45 (furanose; CH3 signals), 2.25 (open; d, 3H, 2J1-C2�
6.1 Hz, CH3-1), 3.50 ± 4.18 (m, CH2-5 of open and furanose forms,
3-H of furanose forms), 4.22 (d, 1H, 2J3-C2� 3.5 Hz, supposedly 3-H of
open form) ppm; 13C NMR (50 MHz, CD3OD): open form: �� 26.44 (d,
J1±2� 41.0 Hz, C-1), 63.81 (d, 3J5±2�1.8 Hz, C-5), 78.51 (d, J3±2�41.3 Hz,
C-3), 212.18 (C-2) ppm; furanose forms: �� 16.88 (d, J1±2� 49.1 Hz,
C-1), 19.17 (d, J1±2�49.1 Hz, C-1), 71.36 ± 73.58 (C-5 signals), 82.64 ±
85.60 (C-3 signals), 105.96 ± 110.55 (C-2) ppm. IR (film): 1676, 1527,
1350, 1201, 1136, 1093 cm�1; C4


13CH9
2HO4 (136.14, 136.06), EI-MS (%):


m/z�136.0 [M]� . (2), 119.0 [M�H2O]�
. (5), 91.9 (10), 73.9 (50), 61.9


(100); [�]20D ��36.2 (5.0, H2O).


Culture of S. ghanaensis and feeding experiments : For nutrient
solutions, fermentation, and incorporation experiments, see
refs. [1, 18].


Table 1. Data for the 13C NMR (CD3OD) signals of C-8 and C-18 of moenocinol
after the feeding experiment with 8c.[27]


Position Isotopomer � Value J (C,C) Isotopic shift
[Hz] [ppb]


C-8 C� 36.45
C 36.45
D 36.45 3.8
E 36.37 �-(2H-C)��87.5
F 36.37 3.8 �-(2H-C)��87.5


C-18 A� 132.21
A 132.21
B 132.10 �-(2H-C)��102.6







C10 and a C15 Precursors in Moenocinol Biosynthesis


ChemBioChem 2003, 4, 1201 ± 1205 www.chembiochem.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1205


Isolation of the moenomycins : Cells were separated from the
medium by centrifugation. The centrifugate was concentrated
(rotary evaporator) and the residue was stirred with an ice-cold
80:20 methanol/water mixture for 2 h and then centrifuged. Cell
disintegration was achieved by sonication in an ice-cold 80:20
methanol/water mixture. After centrifugation the centrifugates from
both fractions were combined and methanol was evaporated. After
setting the pH value to 7.5, the aqueous solution was extracted with
three portions of 1-butanol. Solvent evaporation from the aqueous
phase, taking up the residue in 4:6 acetonitrile/buffer (KH2PO4 ¥ 3H2O
(13.1 g), KH2PO4 (0.3 g), and water, final volume: 1 L, pH value
adjusted to 7.5), andmedium pressure LC (RP18, solvent: acetonitrile/
buffer as described above) gave a fraction that was desalted by solid
phase extraction (RP18, first water then 1:1 acetonitrile/water).
Acetonitrile removal by distillation and subsequent lyophilization
provided the moenomycin complex.


NMR experiments : a) 2H NMR: The pure desalted moenomycin
mixture was dissolved in CH3OH (0.7 mL) and filtered into a 5-mm
NMR tube.[30] b) 13C NMR: The pure desalted moenomycin mixture
(unlabeled and labeled samples) was dissolved in CD3OD (0.7 mL)
and filtered into a 5-mm NMR tube. The spectra were acquired by
using an inverse gated decoupling experiment. The number of scans
was 35000. Incorporations were calculated according to the method
described by Scott et al.[26] For results, see the main text.
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Chemical and Enzymatic Synthesis of Fluori-
nated-Dehydroalanine-Containing Peptides
Hao Zhou,[a] Dawn M. Z. Schmidt,[b] John A. Gerlt,*[b] and
Wilfred A. van der Donk*[a]


Michael acceptors have long been recognized as reactive function-
alities that may link a biologically active molecule to its cellular
target. 1,2-Dehydro amino acids are potential Michael acceptors
present in a large number of natural products, but their reactivity is
modulated by the deactivating nature of the �-amino group
engaged in an amide bond. We describe here the preparation of
3-fluoro-1,2-dehydroalanine moieties within peptides that signifi-
cantly enhance the reactivity of the Michael acceptor. Two different
routes were designed to access these compounds, one relying on
chemical means to introduce the desired functionality and the
second taking advantage of a peptide epimerase. In the chemical
approach, the fluoro-Pummerer reaction of cysteine derivatives


afforded 3-fluorocysteine residues that were oxidized to the
corresponding sulfoxides, followed by thermolytic elimination to
provide the desired 3-fluorodehydroalanines. The mechanism of
the fluoro-Pummerer reaction was investigated and several
possible pathways were ruled out. The enzymatic approach utilized
the dipeptide epimerase YcjG from Escherichia coli. Difluorinated
alanine was incorporated at the C terminus of a dipeptide by
chemical means. The resulting peptide proved to be a substrate for
YcjG, which catalyzed fluoride elimination to provide the 3-fluo-
rodehydroalanine-containing peptide. Mechanistic investigations
showed that fluoride elimination occurred faster than epimeriza-
tion and at a rate close to that of epimerization of Ala-Ala.


Introduction


Michael acceptors have been popular functionalities for the
design of enzyme inhibitors and active site affinity labels.[1±3]


Dehydroalanines are potential Michael acceptors and are
present in a large number of natural products, including the
microcystins,[4±6] nodularin,[7±9] thiostrepton and other thiopep-
tides,[10±13] and the lantibiotics.[14±16] The electrophilicity of
dehydroalanine (Dha) is significantly decreased compared to
acrylamides as a result of the inherent enamine functionality
present in dehydro amino acids. This effect may explain why
natural products containing dehydroalanine residues often
interact with their targets by noncovalent mechanisms despite
the presence of the Michael acceptor. Microcystin does react
with a cysteine residue on its target,[17±19] protein phosphatases
Type 1 and 2A,[20±22] but kinetic studies have shown that the
covalent linkage is formed subsequent to the initial inactiva-
tion.[23] Increasing the electrophilicity of dehydroalanine residues
in natural products as well as in designed inhibitors may lead to
the development of powerful tools for mechanistic biochemical
studies or for use in cell biology and signal transduction.
Introduction of an electron-withdrawing group on the terminal
vinyl carbon atom would provide the desired increased reac-
tivity. Moreover, if this group consisted of a good leaving group,
the Michael addition could be rendered irreversible through an
addition-elimination pathway (Scheme 1). Fluorine-substituted
dehydroalanines would be particularly attractive for this purpose
because of the small steric requirements of the fluorine
substituent. We report here synthetic methodologies for the
synthesis of 3-fluorodehydroalanine containing peptides by
either chemical or enzymatic means.[24]


Scheme 1. An electron-withdrawing good leaving group (X) increases the
reactivity of dehydroalanine with regard to Michael addition and renders the
addition ± elimination irreversible.


Results and Discussion


Chemical routes to fluorinated dehydroalanine


We envisioned that fluorine-substituted dehydroalanines could
be accessed via synthons 1 or 3 (Scheme 2). In the case of 1,
thermal elimination would afford the desired product, whereas
enolate generation with 3 was anticipated to induce fluoride
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Scheme 2. Synthons for fluorine-substituted dehydroalanine. a) � ; b) base.


elimination. This latter route is discussed in the section on
enzymatic routes to the target structures.
To access the required �-fluorosulfoxide analogues of cys-


teine, 9-fluorenylmethoxycarbonyl (Fmoc)-serine was trans-
formed into the diphenylmethyl ester 4, activated with meth-
ylsulfonyl chloride, and treated with base to produce dehydroal-
anine 5 (Scheme 3). Michael addition of 4-methoxybenzenethiol


Scheme 3. Synthesis of fluorinated dehydroalanine derivatives using a fluoro-
Pummerer reaction. a) Ph2C�NNH2, I2 , PhI(OAc)2 , 90%; b) MsCl, Et3N, 82%; c) 4-
MeOPhSH, Et3N, THF, 70%; d)mCPBA, �40 �C, 95%; e) DAST, cat. SbCl3 , 70%;
f)mCPBA, �20 �C to �5 �C, 64%; g) �, 74%. dr, diastereomeric ratio ; Dpm
(diphenylmethyl) ; DAST, diethylaminosulfur trifluoride; mCPBA, meta-chloroper-
benzoic acid; THF, tetrahydrofuran; Ph, phenyl ; Ac, acetyl.


to 5 provided cysteine derivative 6, which was oxidized with
mCPBA to the corresponding sulfoxide 7 to give a 1:1 mixture of
diastereomers. The mixture was converted into the fluorinated
cysteine derivative 8 by a SbCl3-catalyzed[25] fluoro-Pummerer
rearrangement according to procedures previously reported by
McCarthy[26] and Robins.[27] To probe whether the stereochem-
istry at the sulfur atom in sulfoxide 7 controls the diastereose-
lectivity of the fluoro-Pummerer reaction, the two diastereomers
of 7 were separated by silica gel chromatography and treated in
separate reactions with DAST/SbCl3 in CH2Cl2 . The product was
obtained with identical diastereomer ratios for both trans-
formations, which indicates that the configuration at the sulfur
atom of the sulfoxide does not have an effect on the stereo-
chemistry of the reaction. Fluorinated cysteine derivative 8 was


oxidized with mCPBA to yield four diastereomers of the
fluorinated sulfoxide 9.[28] Subsequent thermolytic elimination
in benzene at 80 �C afforded two 3-fluorodehydroalanine
diastereomers in 74% yield. These two diastereomers were
separated by silica gel chromatography, and the stereochemistry
was assigned as described in our preliminary work.[29]


When the synthetic route in Scheme 3 was followed with tert-
butyloxycarbonyl (Boc) as the N-protecting group, the reaction
of sulfoxide 11 with DAST produced 13 as a major by-product
(30%, Scheme 4), which was not obtained in appreciable
amounts with 7. Compound 13 is presumably formed by
cyclization of the carbamate carbonyl oxygen atom onto a
thiocarbenium intermediate (see below).


Scheme 4. The synthetic route to fluorinated dehydroalanine derivatives was
followed with a tBoc protection group, and the reaction of 11 with DAST was
found to produce 13.


The methodology was applied next to the synthesis of a
3-fluorodehydroalanine-containing dipeptide as shown in
Scheme 5. Dipeptide 14 was synthesized from acetyl glycine
and 6 in 76% yield by solution phase techniques.[30] Oxidation of
the sulfide to the sulfoxide, and treatment with DAST gave the
desired product 16 in 65% yield. Two isomers of the target 17,
obtained after oxidation and thermal elimination at 80 �C, were
separated by silica gel chromatography.


Scheme 5. Synthesis of a fluorinated dehydroalanine containing dipeptide.
a) NaIO4, 93%; b) DAST, SbCl3 , 65%; c) 2 steps, 57%, i)mCPBA, ii) 80 �C, C6H6.


A number of different mechanisms can be written for the
fluoro-Pummerer reaction of cysteine derivatives (Scheme 6).
Activation of the sulfoxide with DAST and subsequent elimina-
tion is believed to generate the thiocarbenium ion A.[25] The
structure of the intermediate A is consistent with the observa-
tion that the diastereomeric ratio of the fluorinated product 8 is
independent of the configuration at the sulfur atom in sulfoxide
7. Intermediate A can be directly converted into the product by
fluoride attack. Alternatively, intramolecular cyclization could
generate aziridine B or oxazoline C. The latter possibility would
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explain the formation of 13 (Scheme 4) when R� is a tert-butyloxy
group that can generate a relatively stable tert-butyl cation.[31]


Both B and C may be converted into the observed product by
ring opening through fluoride attack at the �-carbon atom. All
three mechanisms maintain the stereochemical integrity at the
�-carbon of the starting amino acid. On the other hand,
deprotonation of intermediate A could produce 1,2-didehydro-
cysteine derivative D, which could undergo Michael addition by
a fluoride ion to generate the product. If the starting sulfoxide
were nonracemic at the �-carbon atom, this pathway would lead
to loss of stereochemical purity.
In order to determine whether the stereochemical integrity at


the �-carbon atom is maintained during the reaction, two
tripeptides were prepared, one that contained (R)-S-methoxy-
phenyl cysteine and one that contained racemic S-methoxy-
phenyl cysteine (Scheme 7). Enantiomerically pure Boc-S-(4-
methoxyphenyl)cysteine 18 was synthesized by ring opening
of the serine �-lactone prepared by the procedure of Vederas.[32]


The Boc protecting group was replaced with Fmoc to provide 19.
Two tripeptides 20 and 21 were prepared by standard Fmoc
solution phase peptide synthesis by using either 19 or 6,
respectively. These two tripeptides were oxidized and reacted
with DAST to give two and four diastereomers of 22, respec-
tively, as determined by analysis of the 19F NMR spectra of the
crude products (Figure 1). The presence of two diastereomeric
products generated in the reaction of (R)-20 strongly suggests
that the stereochemical purity at the �-carbon atom of the
cysteine derivative was retained, and is therefore evidence
against the intermediacy of D. Although we cannot rule out the


intermediacy of B and/or C, we favor direct attack of a
fluoride anion on the thiocarbenium A as the mechanism
for the fluoro-Pummerer reaction of cysteine deriva-
tives.[33]


In the reactions of these tripeptides, an additional
product was formed that was not observed with the
fluoro-Pummerer reaction of either the protected amino
acids or the dipeptides. This product appears to arise
from a nonoxidative fluoro-Pummerer reaction, as has
been observed in reactions of sulfoxides containing
amides or carbamates with trifluoroacetic anhy-
dride.[34, 35] While the exact structure of this byproduct
could not be unambiguously established, the following
observations suggest it is either sulfenamide 23 or 24
(Scheme 8). The 1H NMR spectrum of the byproduct
shows only one amide proton, which corresponds to the
N-terminal acetamide as determined in a COSY experi-
ment. The latter experiment also indicates the presence
of three coupled protons at 5.55 (dd, J� 10.1, 8.6 Hz),
4.55 (dd, J�10.5, 8.6 Hz), and 4.30 (t, J� 8.5 Hz) ppm that
were assigned to the C-� and C-� protons of the central
amino acid residue.[36] These observations indicate that
the �-proton was not removed from the cysteine residue
during the transformation, in contrast to the situation in
the regular fluoro-Pummerer reaction. The signal of the
amide proton of the C-terminal alanine residue was
absent in the COSY spectrum, and the molecular weight
of the by-product (as determined by high resolution FAB-


Scheme 7. Fluoro-Pummerer reaction on tripeptides with an S-phenylcysteine
sulfoxide as the central residue. A peptide tentatively assigned as structure 23 was
obtained as the major product. a) NaH, ArSH; b) i) TFA, ii) Fmoc-Osu, Et3N, 85%;
c) i) NaIO4, ii) DAST, SbCl3 . TFA, trifluroacetic acid


mass spectrometry) agrees with both structures 23 and 24. The
most intense peak in the low-resolution FAB-MS spectrum was a
fragment ion corresponding to loss of the p-methoxythiophen-
oxyl (p-MeOC6H4S) moiety. Such a fragment was not observed
with any of the compounds containing this group on the �-
carbon atom of the central amino acid residue. The products of
nonoxidative Pummerer reactions have been proposed to arise


Scheme 6. Possible mechanisms for the fluoro-Pummerer reaction with cysteine deriva-
tives. R, R�� variable groups.
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Figure 1. 19F NMR spectra of 22 produced by a) the reaction of (R)-20 with NaIO4


followed by DAST treatment, and b) the reaction of DAST with the sulfoxides
derived from (R/S)-21 (Scheme 7).


Scheme 8. Two possible pathways leading to products 23 and 24 in an
interrupted nonoxidative fluoro-Pummerer reaction.


from an interrupted sequence in which an intramolecular
nucleophile, typically the nitrogen atom of an amide or
carbamate group,[34, 35] intercepts the activated sulfoxide, 25 in
the case discussed here (Scheme 8). Two possible amide nitro-
gen atoms could participate in this process to give sulfurane 26
or 27. Intramolecular cyclization involving a second peptide
amide would then provide sulfenamide 23 or 24, respectively.
Since the major difference between dipeptide 14 and tripeptide


20/21 involves the additional C-terminal alanine residue, it is
likely that 23 is the structure of the byproduct. Regardless of its
identity, our studies show that the preparation of fluorinated
dehydroalanines by using a fluoro-Pummerer reaction is suc-
cessful for amino acids or dipeptides, but suffers from reduced
yields with tripeptides because of formation of this side product.


Enzymatic routes to fluorinated dehydroalanines


In parallel with the efforts described above, we sought to
convert difluoroalanine-containing peptides 3 (Scheme 2) into
fluorinated dehydroalanines. Because of the strongly basic
conditions required for the elimination of hydrogen fluoride
from difluoroalanine, which could lead to racemization of other
residues in the peptide, we focused our attention on enzymatic
transformations. The basic premise underlying this strategy
relied on the formation of enolate intermediates in enzymes that
catalyze either epimerizations at the �-carbon atom of amino
acids in peptides or dehydrations of serine or threonine residues.
Upon enolate formation, it was anticipated that fluoride
elimination would provide the desired structures. An added
dimension to this methodology involves its potential application
to activate a latent reactive functionality present in difluoroala-
nine that is unmasked into a reactive fluorinated dehydroalanine
within the active site of the enzyme. Hence, if the enzyme does
not contain any nucleophilic residues in its active site, this
strategy would utilize the enzyme in question as a catalyst for
the preparation of fluorinated dehydroalanines. On the other
hand, if the protein does contain reactive active site residues, the
enzyme would function as an unsuspecting target for mecha-
nism-based inhibition (Scheme 1). Several enzymes catalyzing
epimerization or dehydrations of peptides have been reported,
such as the epimerase involved in the production of the venom
of the funnel web spider Agelenopsis aperta,[37±39] the dehydra-
tases involved in lantibiotic production,[14] and the L-Ala-D/L-Glu
epimerase YcjG from E. coli whose substrate promiscuity has
been recently demonstrated.[40] The latter property was partic-
ularly attractive as it would allow access to a variety of
fluorinated-dehydroalanine-containing peptides.
YcjG catalyzes the epimerization of the C-terminal amino acids


of various L-Ala-D/L-Xxx dipeptides, which include the murein
peptide L-Ala-D-Glu, the preferred and presumably physiological
substrate.[40] The protein is a member of the 'mechanistically
diverse' enolase superfamily,[41, 42] as evidenced by the conserva-
tion of the ligands to a catalytically essential magnesium ion that
stabilizes the enolate intermediate. Furthermore, Lys151 and
Lys247, the two residues involved in a two-base mechanism of
epimerization, are conserved in YcjG. In an initial proof of
concept study, the broad spectrum antibiotic fludalanine,[43] the
D-enantiomer of fluoroalanine deuterium labeled at the �-
carbon atom, was incorporated into dipeptide 28 by using
solution-phase peptide chemistry (Scheme 9). Incubation with
YcjG resulted in the production of dipeptide 29, which contains
a dehydroalanine as determined by 1H NMR spectroscopy.
Monitoring of the reaction with a fluoride-selective electrode
showed a time-dependent release of one equivalent fluoride
anion (Figure 2). From the initial rate, a rate constant of
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Scheme 9. Incubation of the dipeptide epimerase YcjG with fluorinated
dipeptides 28 and 31 produced dehydroalanine- and fluorodehydroalanine-
containing peptides 29 and 32, respectively.


Figure 2. Time dependence of the release of fluoride anion in the reaction of YcjG
(2.8 �M) with dipeptide 28 (110 �M) measured with a fluoride-selective electrode.
The instrument readings were converted into fluoride concentrations by using a
standard curve generated under the same conditions with NaF. The solid line
drawn through the experimental data points represents a least squares regression
analysis using a single exponential equation for a first-order process. The initial
rate determined from the first four data points was 0.23 s�1.


0.23 s�1 was estimated for the YcjG-catalyzed fluoride elimina-
tion compared to a kcat value of 1.9 s�1 for epimerization of L-Ala-
D-Met and 17 s�1 for L-Ala-D-Asp.[40] The slower rate observed
with 28 is probably in part a reflection of an unsaturated
concentration in the assay (150 �M), which is below or near the
Michaelis constants KM for L-Ala-D-Met (690 �M) and L-Ala-D-Asp
(190 �M). Interestingly, when the reaction of YcjG with 28 was
followed by 19F NMR spectroscopy, no evidence was obtained for
the formation of diastereomer 30, which suggests that fluoride
elimination from the enolate intermediate occurs faster than
protonation to generate Ala-L-fluoroAla. Furthermore, deuterium
washout into the solvent was not observed from Ala-D-fluoroAla


(28) ; the splitting pattern of the starting dipeptide in the
19F NMR spectrum remained unchanged over the course of the
reaction. Since the active site bases in YcjG are lysine residues
(i.e. polyprotic),[44a] this observation confirms that fluoride
elimination is faster than return of a proton to the enolate
intermediate. When 28 was incubated with mutants of the
catalytic lysine residues of YcjG, K151R or K247R, fluoride release
was seen only with the K247R mutant, which suggests that
Lys151 is the R-specific base. YcjG K247R eliminated fluoride
from 28 with a rate constant of 0.15 s�1, less than twofold
reduced from the rate for wild type YcjG. These results correlate
with those seen for deuterium incorporation into L-Ala-L-Glu or L-
Ala-D-Glu by YcjG K151R or YcjG K247R, in which Lys151 appears
to be the R-specific base and Lys247 the S-specific base.[44b]


Collectively, these observations validated the methodology and
showed that YcjG is not inactivated by the dehydroalanine-
containing product. This property is in contrast to the behavior
of the epimerase of the spider toxin, which is inhibited by a
dehydroalanine-containing analogue of its physiological sub-
strate.[45] The ability of YcjG to produce dehydroalanine under
mild conditions suggests that the protein, or in vitro evolved
mutants, may have potential for dehydroalanine synthesis as an
alternative to existing chemical methods.[46±48]


We next evaluated Ala-difluoroAla as a dipeptide precursor to
Ala-fluoroDha. Racemic N-carboxybenzyl difluoroalanine was
prepared by a previously reported route,[49] and subsequently
converted into a 2:1 mixture of diastereomeric peptides 31.
Incubation of 31 with YcjG led to the production of the
fluorinated dehydropeptide 32. Only one isomer was detected
by 1H NMR spectroscopy, which was tentatively assigned as the Z
isomer based on the chemical shift of the vinyl proton in
comparison with that in the dipeptides described above. When
the reaction was performed in D2O, deuterium incorporation
into the substrate was not observed; such incorporation would
have been readily detected as a loss of the proton hyperfine
interaction in the 19F NMR spectrum. Hence, once again fluoride
elimination from the enolate intermediate must be faster than
deuteration of the enolate. Analysis of the reaction by using a
fluoride-selective electrode indicated the production of
0.8 equiv. of fluoride per dipeptide at a similar rate (0.14 s�1) as
observed with 28. Thus, YcjG is a useful catalyst to introduce
fluorinated dehydroalanines into dipeptides.


Reactivity of fluorinated dehydroalanine


To evaluate the proposed mechanism of action of fluorine
substituted dehydroalanines as presented in Scheme 1, both
isomers of 10 were reacted with p-methoxybenzenethiol in the
presence of diisopropylethylamine. Rapid conversion of Z-10
into the corresponding Z-dehydrocysteine derivative was ob-
served, which is consistent with an addition elimination
mechanism. The E isomer of 10 produced predominantly E-S-
aryldehydrocysteine, along with a small amount of the Z
stereoisomer. The stereochemistry of the products was assigned
based on the chemical shift of the vinylic proton in comparison
with literature values for similar dehydrocysteine derivatives.[50]


These results show that installation of a fluorinated dehydro-
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alanine functionality at the site of Dha residues in natural
products would result in a powerful covalent labeling agent.
The YcjG-catalyzed conversion of 31 into 32 reached complete


conversion, which suggests that the enzyme does not react with
the fluoroDha product. It was therefore unexpected that after
incubation with 31, YcjG showed no activity in a spectrophoto-
metric assay developed previously.[40] This coupled assay utilizes
L-Ala-D-Glu as substrate for YcjG, and relies on the broad
specificity dipeptidase PepD to hydrolize the epimerized L-Ala-L-
Glu to the individual amino acids (Scheme 10).


Scheme 10. Enzymatic coupled assay for the determination of YcjG activity. DH,
dehydrogenase.


The deamination of L-Ala by L-Ala dehydrogenase (ADH) is
driven to completion by using diaphorase from Clostridium
kuyveri with the dye p-iodonitrotetrazolium violet (INT) as
electron acceptor generating a convenient spectrophotometric
readout. After completion of the reaction of YcjG with 31, an
aliquot was added to the assay mixture resulting in the complete
absence of activity compared with a control sample (Figure 3,
squares and closed circles). At first glance, these results


Figure 3. Activity assays using the coupled assay shown in Scheme 10. The
assays contained Tris (50 mM, pH 8.5), INT (1.5 mM), NAD� (1.5 mM), diaphorase
(2 U), ADH (10 U), CoCl2 (67 �M), PepD (200 �g), and L-Ala-D-Glu (350 �M). YcjG
(10 �g) was added to the assay mixture after incubation of the mixture with 31
for 20 h (�), 28 h (�), 50 h (�), 68 h (�), and 140 h (�). In the absence of 31,
essentially no change in the spectrophotometric readout was observed over time,
and a typical result is shown after a 20-h incubation (�). Spectra were collected
every 6 s.


suggested that YcjG had been inactivated in the reaction with
31, presumably by the product 32. To probe whether the
inactivation was irreversible, the reaction mixture of YcjG and 31
was assayed again after 50 h. Curiously, after an initial lag phase,
activity was recovered (Figure 3, �), and the duration of the lag
phase decreased when aliquots of the mixture were assayed
periodically over a period of days. The short lag phase evident in
the control reaction is attributable to the high KM value of PepD
for its dipeptide substrates, reported to be in the range of 2 ±
5 mM.[51]


The inhibition profile is not consistent with inactivation of
YcjG but instead suggests that a compound produced in the
reaction of YcjG with 31 inhibits another component of the assay
mixture. Two other requirements must be met to explain the
unusual behavior: 1) the inhibitor must be unstable and
decompose to account for the shorter lag phase observed over
time, and 2) one of the ingredients of the assay must act upon
the inhibitor to explain the recovery of the activity only in the
assay mixture. Whereas we were unable to determine the exact
identity of the inhibiting species, as described in the Supporting
Information, our data are consistent with PepD acting upon the
fluorinated dehydropeptide 32 to produce a transient species
that inhibits ADH or diaphorase.


Conclusion


In summary, we have developed new methodology to prepare
fluorine-substituted dehydroalanines within dipeptides relying
on either chemical or enzymatic installation of the olefin. The
chemical strategy is currently limited to peptides in which the
fluorinated dehydroalanine residue occupies the C-terminal
position because of a side reaction in the fluoro-Pummerer
reaction that prevents C-terminal extension. The enzymatic
route provides dipeptides that can be protected at the N
terminus to provide building blocks that can be used for
C-terminal extension. Given the broad substrate specificity of
YcjG at both the first and second position,[40] the enzymatic route
is the preferred method for the synthesis of these targets.
Directed evolution of YcjG may further increase its utility. Given
the well-known success of fluorine containing pharmaceuti-
cals,[52±55] including fluoropeptides,[56] the current approach
expands the arsenal of fluorinated moieties that can be used
in the preparation of bioactive molecules. Efforts to introduce
these reactive Michael acceptors into natural products are
underway and will be reported in due course.


Experimental section


All NMR spectra were recorded on Varian U400, U500, or UI500NB
spectrometers. 1H spectra were referenced to CHCl3 at 7.26 ppm and
13C spectra were referenced to CDCl3 at 77.23 ppm. 19F spectra were
referenced externally to 1% C6F6/CDCl3 at �162.0 ppm. All spectra
were taken in CDCl3 unless otherwise indicated. Mass spectrometry
(MS) experiments were carried out by the Mass Spectrometry
Laboratory at the University of Illinois at Urbana-Champaign (UIUC).
Elemental analysis was performed by the Microanalysis Laboratory at
UIUC. Infrared (IR) spectra were taken on a Mattson Galaxy Series FTIR
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5000. Thin layer chromatography (TLC) was carried out on Merck
silica gel 60 F254 plates. Compounds and solvents were obtained from
Fisher, Aldrich, and Chem-Impex. Anhydrous MgSO4 was used for
drying organic solutions.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)-acrylic acid benzhydr-
yl ester (5): Compound 4[57] (1.01 g, 2.06 mmol) was dissolved in
anhydrous CH2Cl2 (25 mL). The solution was cooled to 0 �C.
Methylsulfonyl chloride (MsCl; 0.26 g, 2.26 mmol) was added drop-
wise and the reaction mixture was stirred for 10 min. Then triethyl-
amine (0.46 g, 4.52 mmol) was added and the reaction was stirred for
an additional 24 h at 0 �C. The solution was diluted with CH2Cl2
(80 mL) and washed with saturated aqueous NH4Cl, NaHCO3, and
brine. The organic layer was dried and concentrated. Purification by
silica gel chromatography (hexane/ethyl acetate 5:1) provided the
desired product as a white powder (0.80 g, 82%). Rf : 0.38; m.p.: 109 ±
110 �C; 1H NMR (400 MHz, CDCl3): ��4.28 (t, J� 7.01 Hz, 1H, CHCH2),
4.48 (d, J�6.73 Hz, 2H, CH2), 6.07 (s, 1H, CH2), 6.40 (br s, 1H, CH2), 7.07
(s, 1H, CH(Ph)2), 7.33 ± 7.45 (m, 15H, Ph, NH), 7.62 (d, J�7.43 Hz, 2H,
Ph), 7.80 (d, J� 7.36 Hz, 2H, Ph) ppm; 13C NMR (125 MHz, CDCl3): ��
47.3 (CH/CH3), 67.5 (C/CH2), 79.3 (CH/CH3), 106.9 (C/CH2), 120.4 (CH/
CH3), 125.3 (CH/CH3), 127.4 (CH/CH3), 127.5 (CH/CH3), 128.1 (CH/CH3),
128.6 (CH/CH3), 128.8 (CH/CH3), 129.0 (CH/CH3), 131.5 (C/CH2), 139.7
(C/CH2), 141.6 (C/CH2), 143.9 (C/CH2), 153.5 (C/CH2), 163.4 (C/
CH2) ppm; IR: 3408, 3066, 3033, 1736, 1519, 1316, 1105, 981,
736 cm�1; HRMS (FAB�): calcd for C31H25NO4: 475.1784; found:
475.1783; elemental anal. : calcd for C31H25NO4: C, 78.30; H, 5.30; N,
2.95; found: C, 78.25; H, 5.28; N, 3.11.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-(4-methoxy-phenyl-
sulfanyl)-propionic acid benzhydryl ester (6): Compound 5
(0.143 g, 0.3 mmol) was placed in a 10-mL round-bottomed flask.
The flask was flushed with N2 and anhydrous THF (4 mL) was added.
Triethylamine (0.061 g, 0.6 mmol) was added, followed by 4-methoxy-
benzenethiol (0.042 g, 0.3 mmol). The solution was stirred for 18 h,
diluted with Et2O (80 mL), washed with saturated NaHCO3 (50 mL)
and 5% KHSO4 (50 mL), dried, filtered, and concentrated. The mixture
was purified by flash chromatography (hexane/ethyl acetate 5:1) to
give the product as a white powder (two diastereomers, 0.129 g,
70%). Rf : 0.17; m.p. : 107± 108 �C; 1H NMR (500 MHz, CDCl3): ��3.31
(B of ABX, Jab� 14.2 Hz, Jbx� 5.5 Hz, 1H, CH2), 3.46 (A of ABX, Jab�
14.2 Hz, Jax� 4.5 Hz, 1H, CH2), 3.80 (s, 3H, OCH3), 4.18 (t, J� 7.19 Hz,
1H, CH), 4.30 ± 4.36 (m, 2H, CH2), 4.76 (X of ABX, 1H, CH), 5.76 (d, J�
8.29 Hz, 1H, NH), 6.78 (d, J�8.74 Hz), 2H, Ph), 6.88 (s, 1H, CH(Ph)2),
7.31 ± 7.38 (m, 20H, Ph) ppm; 13C NMR (125 MHz, CDCl3): ��38.9 (C/
CH2), 47.3 (CH/CH3), 54.5 (CH/CH3), 55.5 (CH/CH3), 67.5 (C/CH2), 78.8
(CH/CH3), 114.9 (CH/CH3), 120.2 (CH/CH3), 125.0 (C/CH2), 125.4 (CH/
CH3), 127.3 (CH/CH3), 127.4 (CH/CH3), 128.0 (CH/CH3), 128.4 (CH/CH3),
128.8 (CH/CH3), 128.9 (CH/CH3), 134.6 (CH/CH3), 139.6 (C/CH2), 140.0
(C/CH2), 141.5 (C/CH2), 144.0 (C/CH2), 155.8 (C/CH2), 159.7 (C/CH2),
169.9 (C/CH2) ppm; IR: 3425, 1720, 1500, 1235, 728 cm�1; HRMS
(FAB�): calcd for C38H33NO5S: 615.2079; found: 615.2075; elemental
anal. : calcd for C38H33NO5S: C, 74.12; H, 5.40; N, 2.27; found: C, 73.91;
H, 5.36; N, 2.38.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-(4-methoxy-ben-
zenesulfinyl)-propionic acid benzhydryl ester (7): Compound 6
(0.391 g, 0.635 mmol) was dissolved in CH2Cl2 (25 mL) and the
solution was cooled to �40 �C. A solution of mCPBA (Aldrich tech.
grade, 57% peracid content determined by titration,[58] 0.160 g,
0.528 mmol) in CH2Cl2 (3 mL) was added dropwise. The solution was
stirred at �40 �C and additional mCPBA (0.040 g, 0.132 mmol) was
added to complete the reaction, as determined by TLC. The mixture
was diluted with CH2Cl2 (100 mL), washed with 10% aqueous
Na2S2O3 (30 mL), water (30 mL), and brine (30 mL). The organic layer
was dried, filtered, and concentrated. Purification by silica gel


(hexane/ethyl acetate 1:1) gave the product as a white powder
(0.381 g, 95%). Rf : 0.22; two diastereomers: m.p. : 69 ±71 �C. 1H NMR
(500 MHz, CDCl3): �� 3.25 ± 3.33 (m, 2H, CH2), 3.36 ± 3.43 (m, 2H,
CH2), 3.81 (s, 3H, OCH3), 3.83 (s, 3H, OCH3), 4.20 (t, J�7.02 Hz, 2H,
CH), 4.29 ±4.40 (m, 4H, CH2), 4.73 (q, J� 6.04 Hz, 1H, CH), 4.85 ±4.89
(m, 1H, CH), 5.98 (br s, 1H, NH), 6.40 (t, J� 3.7 Hz, 1H, NH), 6.92 (s, 1H,
CH(Ph)2), 6.97 ± 7.00 (m, 5H, Ph, CH(Ph)2), 7.27 ± 7.78 (m, 40H,
Ph) ppm; 13C NMR (125 MHz, CDCl3): ��50.7 (CH/CH3), 51.6 (CH/
CH3), 55.7 (CH/CH3), 55.8 (CH/CH3), 67.7 (C/CH2), 67.8 (C/CH2), 79.1
(CH/CH3), 79.3 (CH/CH3), 115.2 (CH/CH3), 125.5 (CH/CH3), 126.6 (CH/
CH3), 127.3 (CH/CH3), 128.0 (CH/CH3), 128.5 (CH/CH3), 139.4 (C/CH2),
141.5 (C/CH2), 143.9 (C/CH2), 156.0 (C/CH2), 162.6 (C/CH2), 169.4 (C/
CH2) ppm. IR: 3270, 3063, 1723, 1594, 1496, 1450, 1304, 1260, 1173,
1087, 1030, 830, 759, 740, 700 cm�1; HRMS (FAB�): calcd for
C38H33NO6S: 631.2029; found: [M��H] 632.2106; elemental anal. :
calcd for C38H33NO6S: C, 72.25; H, 5.27; N, 2.22; found: C, 71.89; H,
5.28; N, 2.26.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-fluoro-3-(4-meth-
oxy-phenylsulfanyl)-propionic acid benzhydryl ester (8): Com-
pound 7 (0.238 g, 0.377 mmol) was dissolved in anhydrous CH2Cl2
(2 mL) in a 5-mL round-bottomed flask under N2. DAST (0.091 g,
0.565 mmol) was added, followed by a solution of antimony
trichloride (SbCl3 ; 0.009 g, 0.04 mmol) in CH2Cl2 (0.3 mL). The solution
was stirred at RT for 4 h until TLC showed complete consumption of
starting material. An ice-cold NaHCO3 solution was added and the
mixture was stirred for 5 ± 10 min. The mixture was diluted with
CH2Cl2 (80 mL), and the organic layer was washed with brine (30 mL),
dried, and concentrated. Purification over silica gel (hexane/ethyl
acetate 5:1) gave the product as two diastereomers (0.167 g, 70%).
Rf : 0.18; 1H NMR (400 MHz, CDCl3): �� 3.80 (s, 3H, OCH3), 4.26 (t, J�
7.4 Hz, 1H, CH), 4.40 ± 4.48 (m, 2H, CH2), 5.06 ± 5.17 (m, 1H, CH), 5.76
(t, J� 9.7 Hz, 1H, NH), 6.05 (dd, J� 53.0 Hz, 3.3 Hz, CHF), 6.19 (dd, J�
54.0 Hz, 3.5 Hz, CHF), 6.86 (d, J�8.5 Hz, 2H, Ph), 6.99 (s, 1H, CH(Ph)2),
7.32 ± 7.79 (m, 20H, Ph) ppm; 13C NMR (125 MHz, CDCl3) �� 47.2 (CH/
CH3), 55.6 (CH/CH3), 58.3 (CH/CH3), 58.5 (CH/CH3), 67.8 (C/CH2), 68.0
(C/CH2), 79.6 (CH/CH3), 79.7 (CH/CH3), 102.8 (d, J� 224 Hz, CH/CH3),
114.9 (CH/CH3), 115.1 (CH/CH3), 120.2 (CH/CH3), 122.1(CH/CH3), 125.4
(CH/CH3), 127.4 (CH/CH3), 127.6 (CH/CH3), 128.6 (CH/CH3), 128.9 (CH/
CH3), 135.8 (CH/CH3), 135.9 (CH/CH3), 139.2 (C/CH2), 141.6 (C/CH2),
143.9 (C/CH2), 156.4 (C/CH2), 160.8 (C/CH2), 167.2 (C/CH2) ppm;
19F NMR (376 MHz, CDCl3): (two diastereomers) ���156.0 (dd, J�
56.2 Hz, 15.3 Hz, CHF),�157.4 (dd, J� 56.5 Hz, 26.4 Hz, CHF) ppm; IR:
3318, 3065, 3033, 1727, 1592, 1494, 1450, 1249, 1178, 1030, 740,
699 cm�1; HRMS (FAB�): calcd for C38H32O5NSF 633.1985; found:
633.1984.


2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-fluoro-acrylic acid
benzhydryl ester (10): Compound 8 (0.126 g, 0.199 mmol) was
dissolved in CH2Cl2 (5 mL) and the solution was cooled to �20 �C. A
solution ofmCPBA (57% peracid content, see the method used for 7)
(0.066 g, 0.219 mmol) in CH2Cl2 (2 mL) was added, and the reaction
mixture was stirred at �20 to �5 �C for 1.5 h. The solution was
diluted with CH2Cl2 (80 mL), and washed with 10% aqueous Na2S2O3,
water (30 mL), and brine (30 mL). The organic layer was dried and
concentrated to give product 9 as four diastereomers. Compound 9
was placed in a 10-mL flask without purification and anhydrous
benzene (5 mL) was added. The solution was refluxed overnight. The
solvent was removed under reduced pressure. Purification over silica
gel (hexane/ethyl acetate 5:1) gave product 10 as two diastereomers
that were separable (0.046 g, 47%). (E isomer): Rf : 0.24; 1H NMR
(500 MHz, CDCl3): �� 4.22 (t, J� 6.84 Hz, 1H, CH), 4.42 (d, J� 6.91 Hz,
2H, CH2), 6.56 (s, 1H, NH), 7.02 (s, 1H, CH(Ph)2), 7.30 ± 7.43 (m, 14H,
Ph), 7.56 (d, J� 7.30 Hz, 2H, Ph), 7.71 (d, J� 7.63 Hz, 2H, Ph), 8.18 (d,
J�77.3 Hz, 1H, CHF) ppm; 13C NMR (125 MHz, CDCl3): �� 47.1 (CH/
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CH3), 67.8 (C/CH2), 79.5 (CH/CH3), 116.3 (d, 2JCF� 17.86 Hz, C/CH2),
120.3 (C/CH2), 125.2 (CH/CH3), 127.2 (CH/CH3), 127.4 (CH/CH3), 128.1
(CH/CH3), 128.4 (CH/CH3), 128.9 (CH/CH3), 139.7 (C/CH2), 141.6 (C/
CH2), 143.7 (C/CH2), 152.1 (d, 1JCF� 276.17 Hz, CH/CH3), 153.5 (C/CH2),
162.4 (C/CH2) ppm; 19F NMR (376 MHz, CDCl3): ���130.9 (d, J�
78.1 Hz, CHF) ppm; IR: 3403, 3065, 3023, 1709, 1519, 1495, 1450,
1384, 1365, 1277, 1216, 1143, 1045, 759, 740, 700 cm�1. (Z isomer): Rf :
0.19; 1H NMR (500 MHz, CDCl3): �� 4.20 (t, J�7.10 Hz, 1H, CH), 4.41
(d, J� 6.91 Hz, 2H, CH2), 6.08 (s, 1H, NH), 6.98 (s, 1H, CH(Ph)2), 7.28 ±
7.42 (m, 14H, Ph), 7.57 (d, J�7.51 Hz, 2H, Ph), 7.66 (d, J�74.63 Hz, 1H,
CHF), 7.77 (d, J�7.59 Hz, 2H, Ph) ppm; 13C NMR (125 MHz, CDCl3):
��47.1 (CH/CH3), 68.2 (C/CH2), 78.8 (CH/CH3), 114.9 (d, 2JCF� 5.52 Hz,
C/CH2), 120.3 (C/CH2), 125.3 (CH/CH3), 127.3 (CH/CH3), 128.0 (CH/CH3),
128.5 (CH/CH3), 128.6 (CH/CH3), 128.9 (CH/CH3), 139.4 (C/CH2), 141.5
(C/CH2), 143.8 (C/CH2), 152.8 (d, 1JCF� 283 Hz, CH/CH3), 153.4 (C/CH2),
163.1 (d, 1JCF�11.6 Hz, C/CH2) ppm; 19F NMR (376 MHz, CDCl3): ��
�117.2 (d, J�72.6 Hz, CHF) ppm; IR: 3318, 3065, 3033, 1728, 1674,
1496, 1674, 1496, 1450, 1267, 1230, 1181, 1047, 910, 758, 740 cm�1;
HRMS (FAB�): calcd for C31H24NO4F: 493.1689; found: [M��H]
494.1768.


2-(2-Acetylamino-acetylamino)-3-(4-methoxy-benzenesulfinyl)-
propionic acid benzhydryl ester (15): The same procedure was
followed as given for compound 7 (93%, two diastereomers). M.p. :
54 ± 56 �C; 1H NMR (500 MHz, CDCl3): �� 2.01 (s, 3H, CH3), 2.03 (s, 3H,
CH3), 3.16 ± 3.23 (m, 2H, CH2), 3.31 ±3.39 (m, 2H, CH2), 3.84 (s, 3H,
OCH3), 3.84 (s, 3H, OCH3), 3.88 ± 4.03 (m, 4H, CH2), 4.90 (q, J� 6.03 Hz,
1H, CH), 5.01 ± 5.06 (m, 1H, CH), 6.28 ± 6.31 (m, 2H, NH), 6.86 (s, 1H,
CH(Ph)2), 6.94 ± 6.70 (m, 5H, Ph, CH(Ph)2), 7.28 ± 7.77 (m, 26H, Ph,
NH) ppm; 13C NMR (125 MHz, CDCl3): ��23.1 (CH/CH3), 43.2 (C/CH2),
49.4 (CH/CH3), 55.8 (CH/CH3), 58.0 (C/CH2), 79.1 (CH/CH3), 115.2 (CH/
CH3), 126.2 (CH/CH3), 126.5 (CH/CH3), 127.2 (CH/CH3), 127.5 (CH/CH3),
128.4 (CH/CH3), 128.7 (CH/CH3), 133.7 (C/CH2), 139.3 (C/CH2), 139.5 (C/
CH2), 162.5 (C/CH2), 169.0 (C/CH2), 169.8 (C/CH2), 171.0 (C/CH2) ppm;
IR: 3294.9, 3054.8, 1746.8, 1668.0, 1496.7, 1265.5, 738.1, 703.4 cm�1;
HRMS (FAB�): calcd for C27H28N2O6S: 508.1746; found: 508.1747.


2-(2-Acetylamino-acetylamino)-3-fluoro-3-(4-methoxy-phenylsul-
fanyl)-propionic acid benzhydryl ester (16): A similar procedure
was followed as given for compound 8 (yield 62%). 1H NMR
(400 MHz, CDCl3): �� 2.00 (s, 3H, CH3), 3.80 (s, 3H, OCH3), 3.99 (dd,
J�5.1 Hz, 1.2 Hz, 1H, CH2), 4.04 (d, J�5.1 Hz, 1H, CH2), 5.24 ± 5.33 (m,
1H, CH), 5.94 (dd, J� 52.8 Hz, 3.5 Hz, 0.5H, CHF), 6.09 (dd, J� 53.7 Hz,
2.6 Hz, 0.5H, CHF), 6.17 (1H, NH), 6.80 (1H, NH), 6.84 (d, J� 6.9 Hz,
2H, Ph), 6.97 (s, 1H, CH(Ph)2), 7.27 ± 7.44 (m, 12H, Ph) ppm; 13C NMR
(125 MHz, CDCl3): �� 23.1 (CH/CH3), 43.4 (C/CH2), 55.6 (CH/CH3), 56.3
(CH/CH3), 79.7 (CH/CH3), 102.2 (1JC-F�229 Hz, CH/CH3), 115.1 (CH/
CH3), 128.6 (CH/CH3), 128.8 (CH/CH3), 135.8 (CH/CH3), 139.2 (C/CH2),
160.8 (C/CH2), 166.7 (C/CH2), 166.9 (C/CH2), 169.2 (C/CH2), 169.6 (C/
CH2), 170.7 (C/CH2) ppm; 19F NMR (376 MHz, CDCl3): (two diaster-
eomers) ���155.6 (dd, J�54.4 Hz, 14.2 Hz, CHF), �157.4 (dd, J�
54.7 Hz, 25.6 Hz, CHF) ppm; IR: 3416.6, 3054.9, 1750.1, 1671.2, 1495.7,
1265.6, 737.0, 704.4 cm�1; HRMS (FAB�): calcd for C27H27N2O5SF:
510.1703; found: [M��H] 511.1703.
2-(2-Acetylamino-acetylamino)-3-fluoro-acrylic acid benzhydryl
ester (17): The same procedure was followed as given for compound
10 (yield 57%). (E isomer): 1H NMR (400 MHz, CDCl3): �� 2.03 (s, 3H,
CH3), 3.99 (d, J� 5.47 Hz, 2H, CH2), 6.20 (br s, 1H, NH), 7.00 (s, 1H,
CH(Ph)2), 7.30 ± 7.41 (m, 10H, Ph), 7.80 (s, 1H, NH), 8.50 (d, J� 78.4 Hz,
1H, CHF) ppm; 13C NMR (125 MHz, CDCl3): �� 23.1 (CH/CH3), 44.1 (C/
CH2), 79.6 (CH/CH3), 116.3 (d, 2JCF� 18.7 Hz, C/CH2), 127.2 (CH/CH3),
128.4 (CH/CH3), 128.9 (CH/CH3), 140.2 (d, 1JCF�275 Hz, C/CH2), 140.5
(C/CH2), 162.2 (C/CH2); 167.3 (C/CH2), 171.1 (C/CH2) ppm; 19F NMR
(376 MHz, CDCl3): ���127.0 (d, J�78.4 Hz, CHF) ppm; IR: 3283,
1659, 1527, 1374, 1269, 1225, 1183, 1144, 699 cm�1. (Z isomer):


1H NMR (400 MHz, CDCl3): ��2.04 (s, 3H, CH3), 4.05 (d, J� 5.28 Hz,
2H, CH2), 6.43 (br s, 1H, NH), 6.93 (s, 1H, CH(Ph)2), 7.30 ± 7.37 (m, 10H,
Ph), 7.60 (d, J�74.50 Hz, 1H, CHF), 7.79 (s, 1H, NH) ppm; 13C NMR
(125 MHz, CDCl3): ��23.1 (CH/CH3), 43.9 (C/CH2), 78.8 (CH/CH3),
119.2 (d, 2JCF� 5.63 Hz, C/CH2), 127.4 (CH/CH3), 128.6 (CH/CH3), 128.9
(CH/CH3), 139.4 (C/CH2), 157.0 (d, 1JCF�330 Hz, CH/CH3), 162.8 (d,
3JCF� 17.4 Hz, C/CH2), 167.4 (C/CH2), 171.2 (C/CH2) ppm; 19F NMR
(376 MHz, CDCl3): ���113.9 (d, J�76.09 Hz, CHF); IR: 3282, 1732,
1664, 1654, 1522, 1497, 1266, 1098, 699 cm�1; HRMS (FAB�): calcd for
C20H19N2O4F: 370.1329; found: [M��H] 371.1406.
Ac-Gly-Cys(SAr)-Ala-ODpm (R-20): Fmoc-Ala-ODpm (0.157 g,
0.328 mmol) was dissolved in CHCl3 (4 mL). 4-AMP (4-aminomethyl-
piperidine; 0.45 mL) was added, and the reaction mixture was stirred
at RT for 2 h 30 min. The mixture was diluted with CHCl3 (80 mL) and
washed with 10% aqueous phosphate buffer (pH 5.5, 3� 10 mL),
water (30 mL), and brine (30 mL). The organic layer was dried with
MgSO4, filtered, and concentrated in a 100-mL round-bottomed flask
to a volume of approximately 2 mL. Fmoc-Cys(Ar)-OH (0.147 g,
0.328 mmol) in CHCl3 (3 mL) was added directly to the concentrated
solution obtained in the Fmoc deprotection, along with benzotri-
azol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (Py-
BOP; 0.171 g, 0.328 mmol) and N,N-diisopropylethylamine (DIEA;
0.11 mL, 0.656 mmol). After stirring for 2 h, the reaction mixture was
diluted with CHCl3 (80 mL) and washed with aq. 1N HCl (30 mL), sat.
aq. NaHCO3 (30 mL), water (30 mL), and brine (30 mL). The organic
layer was dried with MgSO4, filtered, and concentrated to produce
Fmoc-Cys(Ar)-Ala-ODpm (0.185 g, 0.270 mmol). The dipeptide ob-
tained was dissolved in CHCl3 (3 mL). 4-AMP was added, and the
reaction mixture was stirred at ambient temperature for 2 h. The
mixture was diluted with CHCl3 (80 mL) and washed with 10%
aqueous phosphate buffer (pH 5.5, 3� 10 mL), water (30 mL), and
brine (30 mL). The organic layer was dried with MgSO4, filtered, and
concentrated to a volume of approximately 3 mL. Ac-Gly-OH
(0.032 g, 0.27 mmol), PyBop (0.141 g, 0.270 mmol), and DIEA
(0.1 mL, 0.540 mmol) were added. After stirring for 1 h and 45 min,
the reaction mixture was diluted with CHCl3 (80 mL) and washed
with aqueous 1 N HCl (30 mL), sat. aq. NaHCO3 (30 mL), water (30 mL),
and brine (30 mL). The organic layer was dried with MgSO4, filtered,
and concentrated. Purification over silica gel chromatography gave
the desired product (0.085 g, 46%). Rf� 0.14 (CH2Cl2:MeOH: 20:1);
1H NMR (500 MHz, CDCl3): ��1.41 (d, J�6.9 Hz, 3H, CH3), 1.98 (s, 3H,
CH3), 3.14 (m, 2H, CH2), 3.76 (s, 3H, OCH3), 3.87 (d, J� 5.1 Hz, 2H,
CH2), 4.48 (q, J� 6.6 Hz, 1H, CH), 4.59 (q, J� 7.2 Hz, 1H, CH), 6.26 (t,
J�5.2 Hz, 1H, NH), 6.81 (d, J� 9.0 Hz, 2H, Ph), 6.85 (d, J�7.5 Hz, 1H,
NH), 6.88 (s, 1H, CH(Ph)2), 7.32 (m, 12H, Ph) ppm; 13C NMR (500 MHz,
CDCl3, APT): �� 18.2 (CH/CH3), 23.1 (CH/CH3), 37.9 (C/CH2), 43.4 (C/
CH2), 48.8 (CH/CH3), 52.8 (CH/CH3), 55.5 (CH/CH3), 78.4 (CH/CH3),
115.0 (CH/CH3), 124.6 (C/CH2), 127.2 (CH/CH3), 127.3 (CH/CH3), 128.4
(CH/CH3), 128.8 (CH/CH3), 128.9 (CH/CH3), 133.9 (CH/CH3), 137.4 (C/
CH2), 139.8 (C/CH2), 169.1 (C/CH2), 169.5 (C/CH2), 171.0 (C/CH2), 171.7
(C/CH2) ppm; HRMS (FAB�): calcd for C30H34N3O6S: [M�H] 564.2090;
found: 564.2089.


Ac-Gly-Cys(SOAr)-Ala-ODpm : The same procedure was followed as
given for compound 7 to give two diastereomers. 1H NMR (500 MHz,
CDCl3): diastereomer A: �� 1.40 (d, J�7.1 Hz, 3H, CH3), 1.96 (s, 3H,
CH3), 3.08 ± 3.34 (m, 2H, CH2), 3.85 (s, 3H, CH3), 3.86 (d, J�5.2 Hz, 2H,
CH2), 4.55 (q, J�7.3 Hz, 1H, CH), 4.77 (q, J� 6.7 Hz, 1H, CH), 6.45 (br s,
1H, NH), 6.85 (s, 1H, CH(Ph)2), 7.02 (d, J� 8.8 Hz, 2H, Ph), 7.26 ± 7.89
(m, 14H, Ph� 2NH) ppm; diastereomer B: �� 1.47 (d, J� 7.3 Hz, 3H,
CH3), 2.01 (s, 3H, CH3), 3.08 ± 3.34 (m, 2H, CH2), 3.84 (s, 3H, CH3), 3.86
(d, J� 5.2 Hz, 2H, CH2), 4.66 (q, J�7.2 Hz, 1H, CH), 5.00 (q, J� 5.8 Hz,
1H, CH), 6.59 (br s, 1H, NH), 6.86 (s, 1H, CH(Ph)2), 6.98 (d, J� 8.8 Hz,
2H, Ph), 7.26 ± 7.89 (m, 14H, Ph� 2NH) ppm; 13C NMR (500 MHz,
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CDCl3, attached proton test, mixture of diastereomers): ��17.6 (CH/
CH3), 23.1 (CH/CH3), 43.6 (C/CH2), 49.0 (CH/CH3), 49.1 (CH/CH3), 55.8
(CH/CH3), 56.5 (C/CH2), 78.2 (CH/CH3), 115.2 (CH/CH3), 126.5 (CH/CH3),
127.2 (CH/CH3), 127.3 (CH/CH3), 128.3 (CH/CH3), 128.8 (CH/CH3), 132.7
(C/CH2), 139.7 (C/CH2), 140.0 (C/CH2), 162.6 (C/CH2), 169.0 (C/CH2),
169.3 (C/CH2), 171.5 (C/CH2) ppm; HRMS (FAB�): calcd for
C30H34N3O7S1: [M�H] 580.2117; found: 580.2117.
Ac-Gly-Cys(3-F-SAr)-Ala-ODpm (22): The same procedure was
followed as given for compound 8. 19F NMR (376 MHz): ���157.5
(dd, J� 54.0 Hz, 15.3 Hz), �158.4 (J�54.3 Hz, 28.1 Hz) ppm; HRMS
(FAB�): calcd for C30H33N3O6S1F1: [M�H] 582.2074; found: 582.2090.
Enzymatic preparation of fluorinated dehydroalanines : YcjG and
PepD were expressed and purified as described previously.[40]


Dipeptides 28 and 31 were prepared by solution phase peptide
chemistry from fludalanine and D/L-difluoroalanine as described in
the Supporting Information. Fludalanine was a gift from Merck and
difluoroalanine was prepared as described previously (see the
Supporting Information).[49] The reaction of the enzyme with the
dipeptides was monitored by 1H and 19F NMR spectroscopy in D2O.
The samples contained the peptides (1.1-mM final concentrations),
YcjG (100 �g, 2.7� 10�3 �M), MgCl2 (10 mM), and phosphate buffer,
(20 mM, pD 7). 1H NMR of 29 (400 MHz): �� 1.39 (d, 3H, J�7.1 Hz,
CH3), 3.98 (q, 1H, J�7.1 Hz, CH), 5.58 (s, 1H, Dha), 5.78 (s, 1H,
Dha) ppm; LRMS (ESI): calcd for C6H11N2O3: [M�H] 159.1; found:
159.2. 1H NMR of 31 (400 MHz, D2O): �� 1.38 (d, 3H, J� 7.4 Hz, CH3),
3.84 ± 3.91 (m, 1H, CHCH3), 7.29 (d, 1H, J� 77.5 Hz, CHF) ppm;
19F NMR (400 MHz, D2O): ���125.3 (d, J�75.6 Hz, CHF) ppm; LRMS
(ESI): calcd for C6H10F1N2O3: [M�H] 177.1; found: 177.1.
Time-dependent release of fluoride : A solution containing H2O
(4.4 mL), L-Ala-D-Ala(F) (0.1 mL, 5.56 mM), aq. NaF (0.5 mL, 0.142 mM),
MgCl2 (1M, 10 �L), and phosphate buffer (1M, 20 �L, pH 7) was placed
in a 10-mL plastic container. A fluoride-selective electrode connected
to a pH/mV meter was inserted into the solution to measure the
voltage. After YcjG (100 �g) had been added to the above solution,
the readings were recorded every 15 s. A standard curve (mV versus
log [fluoride]) was prepared by measuring mV values of various aq.
NaF solutions of the following concentrations: 0.0173, 0.0956, 0.161,
0.179, 0.322, 0.533, 0.728, and 1.61 mM. The predicted final fluoride
concentration after enzymatic conversion of L-Ala-D-Ala(F) (28) to 29
for a 1:1 stoichiometry was 0.11 mM, and the experimentally
observed value was 0.13 mM.


Supporting information : Synthetic schemes for the preparation of
dipeptides 14, 28, and 31, and compounds 18, 19, and FmocAla-
ODpm; figures showing the pH dependence of the assay of YcjG
after incubation with 31; experiments investigating the origin of the
lag phase in the YcjG assay.
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Induction of Cell Death of Gastric Cancer Cells by
a Modified Compound of the Annonaceous
Acetogenin Family
Guo-Rui Huang,[a] Sheng Jiang,[b] Yu-Lin Wu,[b] Yan Jin,[a] Zhu-Jun Yao,*[b]


and Jia-Rui Wu*[a]


Annonaceous acetogenins are a family of natural products with
antitumor activities. The polyether mimic AA005 has been
synthesized. The cytotoxic mechanism of AA005 was investigated.
It was found that AA005 can induce the cell death of gastric tumor
cells. Most AA005-induced cell death is due to necrosis but partial
and p53-independent apoptosis is also detected. An expanded


study with gastric tumor cells and a cell-free system indicates that
AA005 affects NADH:ubiquinone oxidoreductase (complex I ;
NADH�nicotinamide adenine dinucleotide, reduced form) in the
mitochondrial electron transport system. These results show for the
first time that the polyether mimic AA005 acts on the same
biological target as the natural annonaceous acetogenins.


Introduction


Annonaceous acetogenins are a well-established family of
natural products with significant bioactivities, especially as
growth inhibitors of certain tumor cells.[1] For example, bullata-
cin, one of the most potent naturally occurring acetogenins,[2]


can induce the cell death of various tumor cells.[3±6] Most
members of the annonaceous acetogenin family contain two or
three ring systems, including one/two tetrahydrofuran (THF)
ring(s) in the middle of the alkyl chain, and an �,�-unsaturated �-
lactone at one end of the alkyl chain.


Apoptosis and necrosis are two distinct types of cell death,
characterized by differences in cellular morphology and execu-
tive molecules. Necrosis is thought to be a passive cell death and
is defined by swelling and rupture of the membranes of
mitochondria and dissolution of organized structures.[7] Apop-
tosis, in contrast, is a controlled biological process to remove
unwanted cells and, thus, is regulated in a sophisticated manner
with antiapoptotic molecules, such as Bcl-2 and Bcl-XL, or
proapoptotic ones, such as Bax and Bak. During the processes of
apoptosis, cells undergo distinct biochemical and morphological
changes, which include membrane blebs and shrinking, nuclear
condensation, DNA fragmentation, and disintegration of the
dying cell into apoptotic bodies.[7±10]


During the last few years, we developed a series of molecules
similar to the annonaceous acetogenins and based on polyether
mimicry, and we found that the most of these molecules show
comparable activity to the natural products.[11±14] Some were
found to exhibit better selectivity between the tumor cells and
normal human cells, a selectivity which is difficult to achieve with
the natural acetogenins. In the present study, a new annona-
ceous acetogenin mimic, AA005, has been synthesized and
investigated. The chemical structure of AA005 combines the
advantages of bullatacin and those of other molecules from


previous studies of annonaceous acetogenin mimicry.[7, 12] The
chemical structures of AA005 and bullatacin are shown in
Scheme 1. Previous publications showed that analogues of


Scheme 1. The chemical structures of the annonaceous acetogenin bullatacin
and its mimic AA005.
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annonaceous acetogenins could
induce apoptosis.[4, 15, 16] However,
we have found that AA005 can
induce only partial and p53-inde-
pendent apoptosis of gastric tu-
mor cells and most of the induced
cell death was due to necrosis. A
previous publication drew the pre-
liminary conclusions that annona-
ceous acetogenins may induce
apoptosis and inhibit the electron
transport chain by measuring de-
cylubiquinone as an artificial ubiq-
uinone analogue in submitochon-
drial particles.[17] We have now
expanded on the above finding
with the gastric cancer cell line
AGS and a cell-free system, and we
have found indications that AA005
affects NADH:ubiquinone oxidore-
ductase (complex I ; NADH�nico-
tinamide adenine dinucleotide, re-
duced form) in the mitochondrial
electron transport system.


Results and Discussion


Chemical synthesis of AA005


The synthesis of AA005 was ac-
complished by our previously re-
ported procedure with slight
modification (Scheme 2; see the
Supporting Information for de-
tails).[12, 14] In brief, a Wittig reaction
of aldehyde 1 followed by hydro-
genation gave 2. The alcohol 3was
obtained by selective protection of
the secondary alcohol with the MOM group in a two-step
procedure. Treatment of mesylate 4 with the mono sodium salt
of ethylene glycol in DMF afforded alcohol 5, which was further
iodinated with I2 and Ph3P to give segment 6 in good yield.
Segment 10 was prepared from commercially available material
7 through a sequence of routine reactions, as shown in
Scheme 2. The coupling of segments 6 and 10 was achieved
by Bu2SnO and CsF, and the resultant alcohol was then protected
as the MOM ether 11. The �,�-unsaturated lactone unit of 12was
introduced by aldol condensation of 11 with D-O-THP-lactal,
acid-catalyzed deprotection of O-THP, lactonization, and �-
elimination of the hydroxy group. Finally, the MOM ether
protecting groups were removed by BF3 ¥ Et2O in dimethyl
sulfide to afford the target molecule AA005.


Detection of cytotoxicity of AA005


To investigate the effects of AA005 on the cell viability, we
administered AA005 to AGS gastric tumor cells and then


analyzed cell viability with a 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT) assay (see the Methods
Section). The results demonstrated that AA005 induced the cell
death of AGS cells in a dose-dependent manner (Figure 1a).
Furthermore, it was also shown that there was a time-dependent
effect on cell cytotoxicity when AGS cells were exposed to AA005
for different durations (Figure 1b). It was shown previously with
a bicinchoninic acid assay that growth of breast cancer cells was
inhibited by bullatacin, a natural compound of the annonaceous
acetogenin family; this is concordant with our results.[5]


Detection of cell permeability and the change of
mitochondrial potential in AA005-treated AGS cells


Dead cells lose the integrity of their cell membranes, so the
cellular membrane permeability of the AA005-treated AGS cells
was analyzed with a 4,6-diamidino-2-phenylindole (DAPI) assay,
in which the nuclear DNA of permeabilized cells is stained with
DAPI. The results showed that about half of the AGS cells treated


Scheme 2. The chemical synthesis of AA005. Reagents and conditions: a) 1. C8H17CH�PPh3, 90%; 2. 10% Pd-C, H2,
CH3OH, 95%; b) 2. 10% HCl, CH3OH, 93%; 2. HC(OCH3), CSA, CH2Cl2 , then DIBALH in toluene, CH2Cl2 , 0 �C, 90%; c) MsCl,
Et3N, CH2Cl2 , 100%; d) ethylene glycol, NaH, DMF, 72%; e) I2 , imidazole, PPh3, 92%; f) 1. O3, 0 ± 5 �C, EtOH/cyclohexane
(1:5) ; 2. KBH4, 87% from erucic acid; g) 1. HBr, HOAc, 75%; 2. MeOH, SOCl2 ; h) 1. PPh3; 2. tBuOK, then (R)-
glyceraldehyde acetonide; 3. H2, EtOH, 5% Pd-C; 4. H�, MeOH, 61% over 4 steps; i) 1. Bu2SnO, CHCl3/MeOH (10:1),
reflux; 2. CsF, DMF; 3. MOMCl, iPr2NH, CH2Cl2 , 56% over 3 steps ; j) 1. LDA, (S)-Me(OTHP)CHCHO; 2. 9% H2SO4, THF;
3. (F3CCO)2O, NEt3 , CH2Cl2 , 60% over 3 steps; k) BF3 ¥ Et2O, Me2S, 0 �C, 62%. CSA� (1S)-(�)-10-camphorsulfonic acid,
DIBALH�diisobutylaluminum hydride, DMF�N,N-dimethylformamide, LDA� lithium diisopropylamide, MOM�
methoxymethyl, Ms�mesyl�methylsulfonate, THP� tetrahydropyranyl.
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with AA005 for 24 h were permeabilized, and after 48 h of
treatment nearly all of the treated cells were permeabilized
(Figure 2a and c).


The change of mitochondrial potential (��m) is also an
indicator of dying cells. We detected the ��m values of AGS cells
by a 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimidazol-carbo-
cyanine iodide (JC-1) assay (see the Methods Section). The data
indicated that the loss of mitochondrial potential occurred when
the cells were incubated with AA005 (Figure 2b), and the
amount of the cells losing potential was nearly the same as the
amount of permeabilized cells (Figure 2c). Taken together, these
results indicate that AA005 causes the loss of AGS cellular
integrity.


Partial induction of p53-independent apoptosis by AA005


There are two kinds of the cell death: apoptosis and necrosis. In
the present study, flow cytometry analysis showed an increase in
M30-positive cells and the sub-G1 DNA region (below the G0/G1
peak) when AGS cells were treated with AA005 (Figure 3a and
b),[18] a fact indicating that AA005 can induce apoptosis of AGS
cells. However, the amount of apoptotic cells increased only
slightly during the longer incubation with AA005 (Figure 3a and
b, compare columns at 24 h and 48 h), whereas the amount of
dead cells in the sample treated for 48 h increased significantly
over the amount after 24 h of treatment (see Table 1). These


results suggest that the longer treatment
with AA005 induces necrosis of AGS cells
rather than apoptosis. Interestingly, a
recent report showed that the natural
partner of AA005, bullatacin, induced
more apoptotic cells than necrotic cells ;[4]


this suggests that the cytotoxic mecha-
nism of AA005 is not exactly the same as
that of bullatacin.


To assess whether the cytotoxicity of
AA005 correlates with the tumor-suppres-
sor gene p53, we analyzed the AA005-
induced apoptosis of a p53-mutated cell
line (AER cells), which is a stable AGS cell
line transfected with mutated p53 (see the
Methods Section). The results showed that
the amount of AER apoptotic cells in-
duced by AA005 was nearly the same as
that of AGS cells (Figure 3a and b). In
addition, the amount of p53 protein found


in the AGS and AER cells was not increased in the presence of
AA005 (Figure 3c), which suggests that AA005 does not activate
p53 pathways. Taken together, these results indicate that AA005-
induced apoptosis of gastric tumor cells is independent of p53.


Inhibition of respiration of AGS cells in the presence of AA005


On the basis of previous publications[5, 17] and our data on the
change of the mitochondrial potential, ��m, we speculated that
AA005 might affect the mitochondrial respiratory chain. To test
this hypothesis, we measured the O2 consumption of AGS cells in
the presence of AA005. It was found that AA005 could
completely inhibit the endogenous respiration of AGS cells
(Figure 4a, phase II), whereas AGS cells without the treatment of
AA005 showed the normal profile of O2 consumption (Figure 4a,
phase I). Moreover, when succinate, a substrate of succinate:
ubiquinone oxidoreductase (complex II) in the respiratory chain,
was added into the mixture, the endogenous respiration was
restored immediately (Figure 4a, compare phase I to phase III) ;
this suggests that AA005 may affect NADH:ubiquinone oxido-
reductase (complex I) in the mitochondrial electron transport
chain. At the same time, a classical complex I inhibitor, rotenone,
was used as a positive control, and a similar profile was detected
(Figure 4b). Therefore, we conclude that AA005 inhibits the
respiration of AGS cells by affecting complex I in the mitochon-
drial electron transport chain. Since it has been reported that the


Figure 1. Induction of time- and dose-dependent cell death by AA005. a) Exponentially growing AGS cells
were treated with the indicated dose of AA005 for 48 h. b) Exponentially growing AGS cells were treated with
AA005 (100 nM) for the indicated time. The living cells were analyzed with an MTT assay and scored. At least
three independent experiments were averaged and the mean data are shown (standard deviations are shown
as bars).


Table 1. The percentage of apoptotic cells in the population of cell death.


Drug treatment[a] Cell death[b] [%] Apoptosis [%]
cell permeability mitochondria permeability sub-G1 cells M30-positive cells


24 hours 43.5 35.9� 2.248 21.11� 0.721 18.55� 3.441
48 hours 98 93.6� 1.873 25.79� 0.792 26.13� 1.850


[a] Cells were treated with 100 nM AA005. [b] The permeability of cells or mitochondria represents the cell death. See the text and the Methods Section for
further details.
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typical natural annonaceous acetogenin, bullatacin, also inhib-
ited adenosine triphosphate (ATP) production through its
interaction with complex I in the mitochondrial electron trans-
port chain,[6] at least one of the molecular targets of AA005 is the
same as that of natural compounds in the annonaceous
acetogenin family.


Inhibition of the complex I of the mitochondrial electron
transport chain by AA005 in cell-free systems


As the absorption spectrum of NADH differs from that of its
oxidized counterpart, we should be able to scan the absorption
spectrum of the mitochondria and ascertain whether the


nicotinamide adenine dinucleotide is in the oxidized or reduced
state. To test further whether AA005 can directly inhibit
NADH:ubiquinone oxidoreductase (complex I), we isolated mi-
tochondria from AGS cells and analyzed the level of NADH with
and without AA005 (see the Methods Section). After the
mitochondria were treated with 100 nM AA005 for 2 h, a
significant peak was detected at about 340 nm (Figure 5a) ; this
is thought to correspond to the specific absorbtion wavelength
of NADH. This result indicates that AA005 inhibition of
NADH:ubiquinone oxidoreductase (complex I) in the electron
transport pathway leads to the enrichment of NADH. A similar
result was observed when the cells were treated with rotenone
(Figure 5b).


Figure 2. Induction of cell membrane permeability and loss of mitochondrial potential by AA005 treatment. a) AGS cells were treated with 100 nM AA005 for 24 and
48 h, and then the cells were stained with DAPI (1 �gmL�1) and observed by fluorescence microscopy in visible (cells) and fluorescence (nuclei) light. b) The change of
mitochondrial potential was analyzed by flow cytometry after the drug-treated cells were stained with JC-1. c) Statistical data of cell membrane permeability and
breakdown of the mitochondrial potential. At least three independent experiments are averaged, and the mean data are shown (standard deviations are shown as bars).
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Since electron transport is tightly coupled to ATP synthesis,
the inhibition of complex I by AA005 prevents ATP synthesis. It
was reported that ATP depletion could block apoptosis.[19, 20]


These previous data therefore support our results from the in
vivo and in vitro experiments, which suggest that most of the
cell death induced by AA005 came about through necrosis
rather than apoptosis (see Table 1).


Methods Section


Synthesis of AA005 : See the Supporting Information.


Cell culture : AGS human gastric tumor cells (provided from
Dr. J. J. Y. Sung's laboratory in the Chinese University of Hong
Kong) were cultured in Dulbecco's modified Eagle's medium
(DMEM; GIBCO BRL) supplemented with 10% fetal bovine
serum (GIBCO BRL) at 37 �C in a 5% CO2 atmosphere.


Cell death assays : After treatment of AGS cells with AA005,
the viability of cells was measured by an MTTassay according
to the manufacturer's protocol (Sigma). Meanwhile, apop-
totic cells were analyzed either by measuring the sub-G1
DNA region (below the G0/G1 peak) with a flow cytometer
(FACScan, Becton Dickinson) or by detecting M30-positive
cells according to the manufacturer's instructions (Roche
Molecular Biochemicals).


Construction of the mutated p53 cell line : pEGFP-rehsTP53,
a plasmid coding human mutant p53 with no DNA binding
domain (deletion of amino acids 44 ±306), was constructed.
AGS cells were infected with pEGFP-rehsTP53 by using
LipoFECTIN 2000 (GIBCO BRL). A stable transformant of the
plasmid, named the AER cell line, was selected in the
presence of G418 (500 �gmL�1; Roche Molecular Biochem-
icals) and maintained with G418 (200 �gmL�1) at all times.


Western blotting : AGS and AER cells were harvested and
lysed once with loading buffer (50 mM tris(hydroxymethyl)-
aminomethane (Tris), 100 mM 1,4-dithiothreitol, 2% sodium
dodecylsulfate (SDS), 10% glycerol, and 0.1% bromophenol
blue; pH 6.8). The samples were subjected to 12% SDS-PAGE.
Immunoblotting was carried out with an anti-p53 antibody
(Santa Cruz Biotechnology). The proteins were detected by
enhanced chemiluminescence (ECL, Amersham).


Assessment of cell permeability with DAPI staining : The
cells were collected and suspended with phosphate-buffered
saline containing DAPI (Sigma). The samples then were
mounted on a slide and analyzed by fluorescence micros-
copy.


Assessment of the change in the mitochondrial potential
(��m) with JC-1 staining : Changes in the mitochondrial
membrane potential were measured with a JC-1 assay.[21] In
brief, after incubation with or without AA005 for the
indicated times, 1�106 cells were resuspended in medium
and incubated with JC-1 (Calbiochem-Novabiochem) at a
final concentration of 5 �gmL�1 for 20 min. The samples were
then analyzed with by flow cytometry. A high FL-2 fluores-
cence indicates a normal ��m value, whereas a gain in FL-1
fluorescence indicates a loss of potential.


Measurement of O2 consumption of AGS cells : Determi-
nation of the O2 consumption rate in intact cells was carried
out as described by Bai et al.[22] In brief, 3.0 ± 5.0�106 cells


were harvested and suspended in buffer (0.137M NaCl, 5 mM KCl,
0.7 mM Na2HPO4, 25 mM Tris/HCl; pH 7.4) at 25 �C. The O2 consump-
tion measurements were carried out in a biological oxygen monitor
in the presence of inhibitors (100 nM AA005 or 100 nM rotenone) and
substrates (5 mM succinate).


Measurement of deoxidized NADH of isolated mitochondria : 6�
107 cells were washed once in MS buffer (210 mM mannitol, 70 mM


sucrose, 5 mM Tris/HCl, 1 mM ethylenediaminetetraacetate (EDTA); pH
7.5), resuspended in RSB solution (3 mL; 10 mM NaCl, 2.5 mM MgCl2,
10 mM Tris/HCl; pH 7.5), and incubated on ice for 15 min. All the
following procedures were carried out at 4 �C. The cells were Dounce


Figure 3. Induction of partial and p53-independent apoptosis of AGS cells by AA005
treatment. a) AGS and AER cells were incubated with 100 nM AA005 for the indicated time.
Apoptotic cells were analyzed with an M30 assay. b) The percentage of sub-G1 cells was
analyzed by flow cytometry. At least three independent experiments are averaged and the
mean data are shown (standard deviations are shown as bars). c) AGS and AER cells were
incubated with 100 nM AA005 for 48 h. The cell lysates were analyzed by Western blotting.
The amount of proteins was controlled with an antibody against actin.


Figure 4. In vivo detection of inhibition of the mitochondrial respiratory chain by AA005.
a) O2 consumption of AGS cells in the presence of 100 nM AA005 was measured in a
biological oxygen monitor (see the Methods Section). b) The typical inhibitor of
mitochondrial respiratory chain, rotenone, was used as a positive control. Typical pictures
are shown from the results of three independent experiments.
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homogenized and centrifuged (1000 g, 5 min) to remove the nuclei-
containing pellet. The supernatants were centrifuged again
(12000 g, 30 min) to collect the mitochondria-containing pellet.
The mitochondria-containing pellet was washed once with MS buffer
and then resuspended in MS buffer. Themitochondrial fractions were
treated with either 100 nM AA005 or 100 nM rotenone for 2 h. The
samples were then analyzed with a dual-wavelength/double-beam
recording spectrophotometer (UV3000, Shimadzu). The scan rate
was 100 nmmin�1, the recording speed was 20 nmcm�1, and the
scan scope was 200 ±800 nm.
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Figure 5. In vitro measurement of the absorbance (A) spectrum of the mitochondrial electron transport chain after AA005 treatment. a) Isolated mitochondria of AGS
cells were treated with 100 nM AA005 for 2 h, and then the absorbance spectrum of the mitochondria was recorded by a double-beam spectrophotometer (see the
Methods Section). b) The inhibitor rotenone was used as a positive control. The arrows indicate the reduced state of NADH. Typical pictures are shown from the results of
three independent experiments.
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Synthesis and Evaluation of Three
Novel Scyphostatin Analogues as
Neutral Sphingomyelinase Inhibitors
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Low-molecular-weight inhibitors of sphingomyelinases have
attracted considerable attention as molecular tools for the
investigation of the enzymatic mechanism of the various
isoforms of these enzymes and for clarification of their biological
role, as well as the role of the product of their action on
sphingomyelin (ceramide), in apoptosis and signal-transduction
processes. In addition, such molecules might prove valuable for
the development of new therapies for various inflammatory and
autoimmune diseases.[1]


To date, several natural products
have been identified in the quest for
such inhibitors.[2] Of these, scyphosta-
tin (1, Scheme 1) inhibits the neutral
(N-SMase; IC50� 1 �M) and the acidic
(A-SMase; IC50�49.3 �M) plasma-mem-
brane-bound isoforms in a competitive
manner.[3] It is intriguing that several
designed analogues 2±6, which share
the epoxy and cyclohexenone struc-
tural features of scyphostatin, have
been prepared and found to be selec-
tive but irreversible inhibitors of
N-SMase.[4±6] However, the contribution
of these reactive functionalities to the
observed biological activity remains
unclear. In the course of synthetic
studies towards the polar core of
scyphostatin, we have prepared three
novel analogues 7 ±9 that could help
resolve this issue since they lack the
epoxy moiety.


Their preparation is depicted in Scheme 2.[7] The benzyl ether
of 2-allylphenol 11 was dihydroxylated to provide diol 12.
Selective protection of the primary hydroxyl group, as a tert-
butyldimethylsilyl (TBS) ether, and subsequent treatment of
alcohol 13 with triphenylphosphine, diethyl azodicarboxylate
(DEAD) and diphenylphosphoryl azide (DPPA) furnished the
corresponding azide 14.[8] This could be selectively reduced by
triphenylphosphine to amine 15, which was coupled with
palmitic acid, as a surrogate for the fatty side chain of
scyphostatin, to yield amide 16. Hydrogenolysis of the benzyl
protective group furnished phenol 17. Alternatively, direct
hydrogenolysis of azide 14 and subsequent coupling of amino-
phenol 18 could accommodate the incorporation of unsaturated
fatty acids, such as sorbic acid to yield phenol 19. Oxidation of
phenols 17 or 19 by treatment with lead tetraacetate (Wessely
oxidation)[9] afforded o-quinol acetates 7 or 9, respectively, as an
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Scheme 1. Scyphostatin and synthetic neutral sphingomyelinase inhibitors.


Scheme 2. Preparation of novel scyphostatin analogues 7 ±9. Reagents and conditions: a) K2CO3, tetrabutyl-
ammonium iodide, BnBr, DMF, 78%, b) OsO4, K3Fe(CN)6, K2CO3, tBuOH/H2O (1:1), 68%, c) TBSCl, imidazole, DMF,
0 �C, 73%, d) PPh3, DEAD, DPPA, THF, 0 ± 25 �C, 87%, e) PPh3, THF, H2O, 65 �C, 92% (15), f) H2, Pd/C 10%, EtOH,
96% (18), g) 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, 4-dimethylaminopyridine, palmitic
or sorbic acid, THF, 78% (16) or 84% (19), h) H2, Pd/C 10%, MeOH, 97%, i) Pb(OAc)4 , AcOH, 5 �C, 44% (7), 42% (9),
j) TFA, CH2Cl2 , 0 ± 25 �C, 62%. DMF�N,N-dimethylformamide, THF� tetrahydrofuran, TFA� trifluoroacetic acid.
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equimolecular mixture of diastereoisomers. As exemplified by
the conversion of 7 to alcohol 8, selective cleavage of the silyl
ether could be accomplished by treatment with trifluoroacetic
acid in dichloromethane.


For the evaluation of the newly synthesized compounds 7 ±9
as inhibitors, a raw microsome preparation containing rat brain
Mg2�-dependent N-SMase was utilized. The assay was carried
out with and without pre-incubation of the compound tested
with the enzyme in the absence of substrate. The latter provides
an indication of the ability of the compound to compete with
the substrate for binding at the active site of the enzyme,
whereas the former represents the kinetics of irreversible
inhibition. All compounds tested were found to be irreversible
N-SMase inhibitors (Figure 1). Compound 7 is a weak inhibitor,
while compounds 8 and 9 exhibit comparable activity with the
known inhibitor 2 (Table 1).[4]


Figure 1. Time dependence of the inhibition of neutral sphingomyelinase by
compound 9 (200 �M in pre-incubation buffer): ��with compound 9, �� con-
trol experiment without compound 9 ; A� activity, cpm� counts per minute;
t�pre-incubation time.


In accordance to previous findings, these results indicate that:
i) the presence of a primary hydroxy group increases enzyme
inhibition (compare activity of 7 vs. 8),[5] while ii) an unsaturated
side chain contributes to a higher affinity for N-SMase (compare
activity of 7 vs. 9).[6] Furthermore, the results suggest that the
epoxy moiety is not a strict requirement for enzyme inhibition.


These findings and insights should contribute to the quest for
potent competitive inhibitors of N-SMase and may finally
provide a means for the development of novel anti-inflamma-


tory therapeutic strategies. We are concentrating our efforts on
the synthesis of the core of scyphostatin as well as the
preparation of selective competitive inhibitors of N-SMase.


Experimental Section


Wessely oxidations : A solution of the phenol (0.074 mmol) in acetic
acid (4 mL) was cooled to 5 �C and treated with lead tetraacetate
(0.081 mmol, 1.1 equiv). The reaction mixture, protected from direct
light, was stirred at the above temperature for 2 h. Excess reagent
was quenched by addition of ethylene glycol (0.1 mL). A saturated
aqueous solution of NaCl (4 mL) was added, and the mixture was
extracted with diethyl ether (4� 5 mL). The combined organic
phases were dried over anhydrous Na2SO4, the solvent was removed
under reduced pressure, and the residue was purified by flash
column chromatography (10 ± 50% AcOEt in hexanes gradient) to
yield the respective o-quinol acetates as an inseparable mixture of
diastereoisomers.


7: 44% yield from 17; 1H NMR (250 MHz, CDCl3) �� 7.03 ±6.93 (m,
1H; �CH), 6.50 ± 6.08 (m, 3H; �CH), 5.75, 5.38 (2brd, J� 8.6, 8.9 Hz,
1H (1:1) ; NHCO), 4.23 ± 4.09 (m, 1H; CHNHCO), 3.61 ± 3.46 (m, 2H;
CH2OTBS), 2.19 ± 1.91 (m, 4H; CH2CHNHCO � NHCOCH2), 2.08, 2.03
(2 s, 3H; CH3CO), 1.69 ±1.47 (m, 2H; COCH2CH2), 1.35 ± 1.21 (m, 24H;
CH2(CH2)12CH3), 0.92 ± 0.83 (m, 12H; SiC(CH3)3 � CH2CH3), 0.05, 0.03,
0.02, 0.01 (4 s, 6H; Si(CH3)2) ; IR (thin film, KBr) ��max�2959, 2927, 2853,
1753, 1682 cm�1; HR-MS (EI): m/z : 577.4173 [M�] , C33H59NO5Si
requires 577.4163.


9 : 42% from 19 ; 1H NMR (250 MHz, CDCl3) �� 7.25 ± 6.75 (m, 2H;
�CH), 6.60 ± 6.01 (m, 4H; �CH), 5.84 ± 5.30 (m, 3H; �CH), 4.36 ± 4.11
(m, 1H; CHNHCO), 3.76 ± 3.46 (m, 2H; CH2OTBS), 2.17 ± 1.94 (m, 2H;
CH2CHNHCO), 2.09, 2.01 (2 s, 3H; CH3CO), 0.90, 0.87 (2 s, 9H;
SiC(CH3)3), 0.04, 0.03, 0.02, 0.01 (4 s, 6H; Si(CH3)2) ; IR (thin film, KBr)
��max� 2956, 2924, 2857, 1748, 1676, 1665, 1636, 1616 cm�1; HR-MS
(EI): m/z : 433.2293 [M�] , C23H35NO5Si requires 433.2285.


Alcohol 8 : Trifluoroacetic acid (TFA, 0.5 mL) was added to a stirred
solution of o-quinols 7 (21 mg, 36 �mol) in dichloromethane (1 mL)
at 0 �C. The reaction mixture was allowed to warm up gradually to
ambient temperature over 45 min. After being stirred at this
temperature for an additional 15 min, the solvent was evaporated
under reduced pressure. Residual TFA was removed by redissolving
the residue in benzene (5 mL) and removal of the solvent under
reduced pressure. Further purification by flash column chromatog-
raphy (50% EtOAc in hexanes) provided free alcohol 8 (11 mg, 62%)
as a mixture of diastereoisomers. 1H NMR (250 MHz, CDCl3) �� 7.06 ±
6.96 (m, 1H;�CH), 6.40 ± 6.08 (m, 3H;�CH), 5.98, 5.66 (2brd, J� 7.4,
8.2 Hz, 1H (1:1) ; NHCO), 4.18 ± 3.98 (m, 1H; CHNHCO), 3.69 ± 3.53 (m,
2H; CH2OH), 2.24 ± 1.87 (m, 4H; CH2CHNHCO � NHCOCH2CH2), 2.10,
2.09 (2 s, 3H; CH3CO), 1.68 ± 1.46 (m, 2H; NHCOCH2CH2), 1.38 ± 1.16
(m, 24H; CH2(CH2)12CH3), 0.88 (t, 3H; CH2CH3) ; IR (thin film, KBr)
��max� 3308, 3078, 2921, 2849, 1749, 1683, 1642, 1551 cm�1; HR-MS
(EI): m/z : 463.3293 [M�] , C27H45NO5 requires 463.3298.


Purification of N-Smase : Partial purification of neutral sphingomye-
linase was carried out as previously described.[6]


Inhibition assay: For the determination of the N-SMase activity, the
inhibitors were dissolved in chloroform. A 10 nmol aliquot was dried
under a nitrogen stream, redissolved in buffer (40 �L, 75 mM Tris-HCl,
pH 7.4, 0.05% (w/v) Triton X-100, 5 mM MgCl2) and mixed with the
enzyme solution (10 �L). Together with controls, the probes were
pre-incubated for 60 and 30 min at 37 �C. After addition of
[14C]sphingomyelin (10 nmol, ca. 40000 cpm) in the same buffer
(50 �L), the reaction proceeded for another 30 min. The reaction was


Table 1. Inhibition of neutral sphingomyelinase by scyphostatin analogues
7 ±9 without and with pre-incubation.[a]


Compound Inhibition (without Inhibition (with
pre-incubation) [%] pre-incubation) [%]


7 0 28
8 48 71
9 68 89


[a] The concentration of the compounds in the pre-incubation buffer was
200 �M (final concentration 100 �M). The pre-incubation time was 1 h.
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Catalytically Active Tetramodular
6-Deoxyerythonolide B Synthase
Fusion Proteins
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Large numbers of structurally diverse and medicinally important
macrocyclic polyketides are produced through the action of the
type I modular polyketide synthases (PKS) of actinomycete
bacteria. In such systems, the individual catalytic domains
required for each successive cycle of polyketide chain extension
and subsequent reduction are ordered through covalent links
into a multienzyme module. These modules are housed in the
order in which they are used on three or more giant protein
subunits. An individual giant PKS protein may house a single
extension module, as in one subunit of the spiramycin-
producing PKS,[1] or as many as six successive extension
modules, as in one subunit of the rapamycin-producing PKS.[2]


In general, the catalytic advantages of such multifunctional
enzymes are thought to include more efficient channelling of
enzyme-bound intermediates between successive active sites,
and protection of the intermediates from side reactions.[3]


The erythromycin-producing PKS, 6-deoxyerythonolide B
synthase (DEBS), which governs the biosynthesis of erythromy-
cin A (1) and B (2) in Saccharopolyspora erythraea, is an


established model system for investigations into the mechanism
of polyketide biosynthesis. The three multienzyme polypeptides
DEBS 1, DEBS 2 and DEBS 3 are readily separated during their
purification from S. erythraea extracts, and this has prevented
investigation of the overall architecture of the complex.[4±8] In
this work we aimed to create tethered versions of DEBS by


stopped by adding chloroform/methanol (750 �L, 2:1, v/v). After
addition of water (200 �L), the lipids were extracted, and the
radioactivity of the polar upper phase, which contained [14C]phos-
phorylcholine, was determined by scintillation counting.
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covalent fusion of two or even all three DEBS subunits, and to
study the effect of this association on catalysis. Productive
fusions have already been described for bi- and trimodular PKS
systems (Scheme 1). For example, an active hybrid PKS has been
engineered by tethering the loading module and ketosynthase
of DEBS module 1 to modules 11 and 12 of the rapamycin PKS
through a short interdomain linker peptide (Scheme 1a).[9]


Similarly, the C- and N-terminal regions of DEBS 1 and 2, which
have been suggested to be involved in dimerisation[10] and/or
interprotein 'docking' of DEBS 1 and DEBS 2[11] can be replaced
by a 25 amino acid linker identical to the intermodular linker
between modules 5 and 6 on DEBS 3 without loss of activity
(Scheme 1c).[11] More remarkably, when a translational fusion of
DEBS 1 with half DEBS 2 was constructed by fusing the
respective stop and start codons, the resulting trimodular
synthase (Scheme 1b) retained catalytic activity in vivo compa-
rable to that of the control system, where module 3 resided on a
separate protein (Scheme 1d).[11] The respective C- and N-termi-
nal residues of DEBS 1 and DEBS 2 must lie close enough
together in the normal DEBS 1:DEBS 2 complex so that their
fusion does not disrupt the overall structure.


In the inter-DEBS multienzyme fusions created in this work, we
chose to retain the 'docking regions' at the termini of the DEBS
proteins. The genes eryAI and eryAII, which encode the
polypeptides DEBS 1 and DEBS 2, are separated in the
chromosome by 1443 bp containing a nonessential transposon
sequence. To construct the DEBS 1� 2 fusion this transposon
sequence was removed. The TGA stop codon of eryAI was altered
to a CTC codon for leucine and fused to the methionine codon at
the start of eryAII that had been altered from GTG to ATG to allow


for the incorporation of a unique BspHI restriction site for cloning
and analysis (Figure 1a). The flanking regions from eryAI and
eryAII were amplified by PCR. Mutagenic PCR primers were used
to introduce the BspHI restriction site at the point of fusion. The
primers also included the SexAI and BsmI restriction sites, which
are naturally present in eryAI and eryAII, respectively (Figure 1b).
The two PCR products were cloned separately into plasmid
pUC18 then, following digestion of the resultant plasmids with
BspHI and EcoRI, fused together at the BspHI restriction site in a
triple ligation with EcoRI-digested pCJR24,[12] an intergrative
expression vector for S. erythraea. The resultant plasmid,
pCMS32 (Figure 1c), was used to transform protoplasts of
S. erythraea to introduce the mutated sequence into the
chromosome in place of the wild-type counterpart by double
homologous recombination.


The eryAII and eryAIII genes of S. erythraea encode the
polypeptides DEBS 2 and DEBS 3 and lie adjacent to each other
in the same reading frame. The DEBS 2�3 fusion was therefore
created by altering the TAG stop codon of eryAII to CTC, which
codes for serine (Figure 2a). This change was achieved by PCR
amplification of the flanking regions of DNA with mutagenic
oligonucleotide primers that introduce a BspHI site at the join
and that incorporate the natural BamHI site of eryAII whilst
creating a new EcoRI site (Figure 2b). The two PCR products were
ligated by BspHI and cloned together into BamHI/EcoRI-digested
pUC18. The insert was excised (NdeI/EcoRI) and cloned into NdeI/
EcoRI-digested pCJR24 to create pCMS51 (Figure 2c). The DEBS
mutation was introduced into the S. erythraea chromosome by
double homologous recombination using pCMS51. The DEBS
1�2� 3 fusion strain was created by double homologous


Scheme 1. a) TKS-AR7. DEBS loading module and module 1 are fused to rapamycin (rap) modules 11 and 12.[9] b) KAO318. DEBS 1 is fused to DEBS module 3, with the
natural polypeptide linker retained. c) KAO330. DEBS 1 is fused to DEBS module 3 by a 25 amino acid linker, the intermodule segment originally connecting DEBS
modules 5 and 6. d) CK13. Module 3 resides on a separate protein to modules 1 and 2. AT, acyl transferase; ACP, acyl carrier protein; KS, �-ketoacyl synthase; KR, �-
ketoacyl reductase; ER, enoyl reductase; DH, dehydratase; TE, thioesterase.
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recombination between the DEBS 2�3 strain and pCMS32. The
correct arrangement of the genes in each of the recombinants
was checked by PCR and Southern blot analysis (data not
shown).


The recombinant strains were initially assessed for erythro-
mycin production by bioassay. Discs of agar cut from tap water
medium (TWM)[13a] plates on which the S. erythraea strains had
been grown for one week were placed on a TWM plate freshly
inoculated with Bacillus subtilis. Discs of wild-type S. erythraea
and of S. erythraea SGT2, a modified strain from which all three


eryA genes have been deleted,[14] were used as
controls. After overnight incubation of the
plates at 37 �C, inhibition of bacterial growth
by wild-type S. erythraea, DEBS 1� 2 and DEBS
2�3 strains was noted; such results were not
recorded for S. erythraea SGT2 or DEBS 1� 2�3
(Figure 3). These results indicate that the tetra-
modular DEBS fusion proteins were catalytically
active.


Cultures of the fusion strains were grown in
sucrose succinate defined medium (SSDM,
500 mL)[13b] for analysis of erythromycin pro-
duction. A culture of wild-type S. erythraea was
grown for comparison. After five days growth in
an orbital shaker at 27 �C, 200 rpm, cultures
were harvested by centrifugation. The resultant
mycelial pellets were resuspended in an equal
volume of water and the pH value corrected to
9.00 before extraction into a double volume of
ethyl acetate and methanol. Solvent was re-
moved under reduced pressure and the extract
resuspended in methanol and analysed by LC-
MS. Results indicated that, though the strain in
which all three of the DEBS multienzyme subunits
are linked produced barely detectable levels of
erythromycins A and B, production levels of
erythromycin A and B by the DEBS 1� 2 and
DEBS 2� 3 strains were equal to (or even better
than) those produced by the wild-type sample.


In the current structural model for type I
modular PKSs,[5, 15] the protein ± protein interac-
tions between successive modules in different
PKS proteins are limited to the C terminus of the
upstream module, and the N terminus of the
downstream module. There is no functional
distinction between this arrangement and that
where the modules are tethered covalently by a
short flexible linker within the same protein.
The results in this paper provide additional
evidence that switching the interaction from an
inter- to an intramolecular one does not com-
promise the catalytic apparatus in vivo, at least
for the four-module proteins. A number of
alternative explanations can be suggested to
account for the inefficiency of the hexamodular
species, not least the problem of ensuring
correct full-length synthesis and precise folding


of a polypeptide of relative molecular mass 900 kDa. The
synthesis of 6-deoxyerythronolide B in vitro by a mixture of
purified DEBS 1, DEBS 2 and DEBS 3 has been reported but in
disappointingly low yield.[15] The way is now open to test
whether the fused DEBS enzymes might show a catalytic
advantage over the native enzyme subunits in vitro. Finally, this
work serves to confirm evidence that the amino acid residues at
the extreme N and C termini of the proteins are not essential for
the docking process between successive multienzymes, or for
specific protein ± protein interactions within the complex.[16]


Figure 1. a) Join region for splicing the first two polypeptides of DEBS. The two polypeptides are
separated in the chromosome by 1443 bp containing a transposon sequence. This sequence is
removed in joining the two polypeptides together. In this case, the methionine codon was also altered
because GTG is an Actinomycete start codon and will only be recognised as a methionine when at
the beginning of an open reading frame. Generally, this codon would be translated as valine. b) PCR
of flanking regions from eryAI and eryAII, with mutagenic primers for the introduction of the BspHI
site. The primers also include naturally present BsmI and SexAI sites for cloning and analysis.
c) Regions flanking the eryAI 3� and eryAII 5� termini, joined through a BspHI fusion and cloned into a
pCJR24 backbone.
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Figure 3. Bioassay to assess the catalytic ability of fused DEBS proteins. Plugs of
TWM agar on which S. erythraea had been grown were placed on TWM agar
freshly inoculated with B. subtilis and incubated overnight. Clear areas indicate
the production of erythromycins. Clockwise from top: DEBS 2� 3 fused strain,
wild type, DEBS 1� 2, SGT2.


Figure 2. a) Amino acid sequence in the region used for splicing the two polypeptides DEBS2
and DEBS3. The two polypeptides are adjacent to one another in the chromosome and are in
the same reading frame. Therefore, the only change required was alteration of a stop codon
to a serine codon. b) PCR of flanking regions from eryAII and eryAIII, with mutagenic primers
for the introduction of a BspHI site. The primers also include BamHI, naturally present in
eryAII, and introduce a SexAI into eryAII for cloning and analysis. c) Regions flanking eryAII 3�
and eryAIII 5� termini, joined through a BspHI fusion and cloned into a pCJR24 plasmid
vector.
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Comparison of Fertilin�-Peptide-
Substituted Polymers and Liposomes
as Inhibitors of In Vitro Fertilization


Kenny S. Roberts,[a] Samidha Konkar,[a] and
Nicole S. Sampson*[a]


Mammalian fertilization depends upon successful binding and
fusion of the membranes of the spermatozoon and the oocyte.
These processes are thought to be mediated by a series of
protein ± protein interactions in which sperm proteins known as
ADAMs (A disintegrin and metalloproteinases) play a key role.[1, 2]


Fertilin� and cyritestin are members of the ADAM family and
their disintegrin domains mediate sperm ± egg binding.[3±6] Two
different integrins have been implicated as fertilin� receptors:
�6�1 and �9�1


[5, 7±11] The proposed identity of the receptor
depends on the experimental approach utilized. However,
integrin knockout experiments in the mouse egg call into
question whether either �6�1 or �9�1 integrin is the only fertilin�
receptor.[12] These genetic experiments suggest that a member
of a nonintegrin receptor family may be sufficient for sperm ±
egg binding and fusion. The cyritestin receptor has not yet been
identified. Thus, there is much uncertainty about the identity
and number of sperm receptors on the egg.


Peptides derived from the fertilin� and cyritestin disintegrin
binding loops inhibit sperm ± egg binding and subsequent
fusion in vitro. Mimics of these peptides may be used to probe
biological function, for example, to establish the identity of the
receptor(s) and to elucidate the role of individual ligand proteins.
However, for the probes to be useful, they must have high
affinity for their target. Both linear peptides[13±16] and existing
peptide mimics[17] of fertilin� and cyritestin are modest inhibitors
of sperm ± egg binding, with IC50 values of around 500 �M. We
report herein that norbornyl homopolymers containing 10
pendent fertilin�-derived oligopeptides are significantly im-
proved inhibitors of adhesion and fertilization in vitro and work
in a multivalent fashion.


We hypothesized that the modest inhibition observed with
linear peptides might be due to a monovalent binding
interaction that is of low affinity. We previously determined that
liposomes bearing 80 copies of fertilin� peptide per outer
membrane are 100-fold improved inhibitors of fertilization
compared to linear peptides,[18] which demonstrates that poly-
valency does effect adhesion in this system. In this work, we
further investigated the role of polyvalency in the sperm ± egg
adhesion process by synthesizing multivalent peptide mimics


that not only allow control of the effective concentration of
ligands presented, but are also different macromolecular sizes.


The approach adopted was to synthesize peptide polymers by
ring-opening metathesis polymerization (ROMP) of norbornyl
oligopeptides with Grubbs' ruthenium carbene catalyst,
Cl2(PCy3)2Ru�CHPh (5). In addition to its functional group
tolerance, 5 catalyzes living polymerizations that allow the
preparation of polymers of defined molecular weight and of
block copolymers.[19] Several strategies have been employed to
prepare polynorbornenes substituted with bioactive, water-
soluble molecules by using Grubbs' catalyst. We used homoge-
nous polymerization conditions and tbutyl-protected pep-
tide.[20, 21] We found that it was necessary to include 6 M LiCl to
prevent aggregation and solubilize the growing fertilin� poly-
valent mimics (Scheme 1).[22] After polymerization, the peptide
polymer was deprotected and fully reduced. We employed this
methodology because the purity and quality of the fertilin�
polymers obtained were superior to those of fertilin� polymers
obtained by other methods.


Scheme 1. Polymer synthetic scheme. Yields: 3, 80%; 4, 77%. a) Cl2(PCy3)2-
Ru�CHPh (5), CH2Cl2/MeOH (3:1), LiCl (6M); b) CH2�CHOEt; c) TFA/H2O/TIS
(95:2.5:2.5). Ph, phenyl ; TFA, trifluoroacetic acid; TIS, triisopropyl silane.


To prepare the monomers for ROMP, we synthesized short
peptides with the sequences norbornene-Glu-Cys-Asp-Val-Thr-
OMe (1) and norbornene-Cys-Thr-Glu-Val-Asp-OMe (2). Mono-
mer 1 corresponds to the fertilin� disintegrin binding loop;
linear peptides with this sequence are inhibitors of in vitro
fertilization. Monomer 2 is a scrambled control peptide; linear
peptides with this sequence do not inhibit in vitro fertilization.
We chose to synthesize the monomers by solution phase
peptide chemistry so that purified monomers could be prepared
in large quantities in their protected form. The monomers were
protected at the side chains with tbutyl groups that could readily
be removed after polymerization. The purities of the protected
monomer peptides were assessed by C18 reversed-phase HPLC
and found to be greater than 98%.


The monomer peptides were then subjected to ROMP. The
ratio of the starting concentration of monomer to that of the
catalyst ([M]o/[C]o) was 10/1 and corresponded to the degree of
polymerization determined by 1H NMR spectroscopy. Side-chain-
protecting groups on the oligopeptide polymers were removed
by treatment with trifluoroacetic acid mixed with water and
triisopropylsilane as scavengers. The presence of free cysteine in
the peptide sequence required that care be taken to use fully
reduced polymer in the in vitro fertilization (IVF) assay. As a result
of the acidic nature of the fertilin� peptide, the polymers were
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insoluble in water at low pH values. Immediately before use, the
polymers were fully reduced by the addition of tris(2-carbox-
yethyl)phosphine (TCEP) at pH 6 for 3 ± 4 h, precipitated, washed
with 1N HCl, and then redissolved in water adjusted to pH 7. The
degree of oxidation was assessed by gel-filtration chromatog-
raphy before each assay.


The polymers were tested as inhibitors in a mouse IVF assay to
characterize their ability to block sperm ± egg adhesion.[7, 15] Two
measures of inhibition were assessed: the average number of
sperm fused per egg (fertilization index), and the percentage of
eggs fertilized (fertilization rate). The monovalent ligand, Ac-Asp-
Glu-Cys-Asp-Ala-Tyr-NH2 (6) was used as a monomeric positive
control.[13]


The fertilin� polymer is a significantly better inhibitor of
sperm ± egg adhesion than its monomeric counterpart (Table 1)
and has an IC50 that is 50 to 70-fold improved, as measured by
fertilization rate and index and based on the concentration of
fertilin� peptide needed to inhibit fertilization rather than on
molar concentrations of polymer. The polymer with scrambled
peptide 4 showed no inhibition at 400 �M. This result confirms
that multivalent interaction of the polymer is important for
inhibition. However, there is a significant difference in inhibition
behavior between the liposome and polymer polyvalent sys-
tems. Despite the improved potency of the fertilin� polymer,
maximal inhibition reaches a plateau at 72�6%, as with the
monomer (Figure 1, Table 1). This incomplete inhibition has been
observed for all fertilin� monomers assayed to date. One
postulated explanation is that the monomers are of such low
affinity that it is not possible to add a sufficiently high
concentration of peptide to saturate its receptor. The improved
potency of the fertilin� polymer demonstrates that this is not the
case. We now postulate that there is more than one type of egg
receptor whose interaction with sperm ligands leads to sperm ±
egg binding and that the peptide sequences of these fertilin�-
derived monomers and polymers only block one type of
receptor. This incomplete blocking is consistent with the
reduced, but not eliminated, binding and fusion of fertilin�
� /� sperm to eggs,[23] and with egg integrin knockout
experiments that implicate the presence of a second nonintegrin
sperm receptor on the egg.[12]


Interestingly, liposome inhibitors containing 1 mol% dimyr-
istoylated fertilin� peptide,[18] which corresponds to 80 peptides
presented on the outer leaflet, are approximately equipotent


Figure 1. Concentration dependence of inhibition measured as number of eggs
fertilized (FR). Solid squares, fertilin� polymer 3 ; open squares, fertilin� monomer
6 ; open circles, 1 mol% fertilin� liposome. The fertilization rate shown is relative
to a buffer control in which 76% of the eggs were fertilized and an average of 1.6
sperm were fused per egg. Error bars are the SEM values, where n� 2 ± 6, 30 ± 75
eggs.


with the 10-mer fertilin� polymer (Table 1, Figure 1). However,
the maximal inhibition obtained with liposomes is 97� 2%. The
liposomes are 40 nm in diameter as compared to the 6-nm
theoretical span of the extended 10-mer polymer backbone.
When the IC50 values were compared by calculating the number
of molecular complexes (liposome or polymer) per milliliter at
half-maximal inhibition, we found that 30-fold more polymers
are required than liposomes to achieve the same level of
inhibition. This comparison demonstrates that a small number of
multivalent contacts are required for efficient attachment of the
inhibitor (either polymer or liposome) to the receptor on the
target membrane, but the physical size of the inhibitory complex
contributes to steric blocking of sperm binding to the egg
plasma membrane. Steric stabilization has also been reported for
the hemagglutination inhibition activities of polyacrylamides,
much larger polymers than our fertilin�-containing molecules.[24]


The difference between liposome and polymer behavior sug-
gests that binding of the liposome to the surface of the egg
blocks sperm access to an unidentified sperm receptor or
receptors by creating a physical barrier that prevents the sperm
from approaching the egg surface. That is, attachment of the


Table 1. IC50 values for inhibition of fertilization by fertilin� mimics.[a]


Mimic IC50 [�M peptide] IC50 [�M peptide] Maximal Inhibition IC50 [complexesmL�1]
by FI by FR Observed [%] by FR


6[13] 360�30 306�10 79� 3 not applicable
3 5.1�1.4 5.8�0.3 72� 6 3�1014


4 no inhibition[b] no inhibition[b] no inhibition[b] no inhibition[b]


1 mol% fertilin�
liposome 2.4�1.9 2.5�0.3 97� 2 1�1013


[a] Fertilization in the presence of peptide as measured by number of zona-free eggs fertilized (FR, fertilization rate) or average number of sperm fused per egg
(FI, fertilization index) relative to a buffer control. The average FR for the buffer control was 76% eggs fertilized and the average FI was 1.6 sperm fused per egg.
Error bars are the standard error in the mean (SEM) for a fit at 5 ± 10 different concentrations, with 30 ± 75 eggs per concentration. [b] Tested at 400 �M.







ChemBioChem 2003, 4, 1229 ± 1231 www.chembiochem.org ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1231


liposome to the egg is a result of direct binding between the
fertilin� peptide and its receptor. This liposome ± egg complex is
sufficiently large that sperm access to a second type of receptor
on the egg surface is blocked by the steric bulk of the liposome
rather than the fertilin� peptide binding to the receptor binding
site. In contrast, the short oligopeptide polymers appear to
competitively block the fertilin� receptor by direct blocking of
the receptor binding site. These experiments highlight the value
of comparing two different types of polyvalent inhibitor to
elucidate the importance of individual receptor ± ligand inter-
actions. We are currently testing polymers and liposomes of
varying size, as well as investigating their biological mechanisms
of action.


Materials and Methods


Synthesis of inhibitors : Inhibitors were synthesized as previously
described[18, 22] by solution phase peptide methods with Carbobenz-
(yl)oxy (Cbz) or 9-fluorenylmethoxycarbonyl (Fmoc) �-amino protec-
tion and tbutyl-based side-chain protection. The catalyst Cl2(PCy3)2
Ru�CHPh was dissolved in CH2Cl2/CH3OH (3:1) to give a typical
concentration of 0.03 M. Monomers were each dissolved in a
minimum amount of CH2Cl2/CH3OH (3:1), and LiCl (6 M) was added
to the mixture. A typical reaction was carried out at an initial
monomer concentration of 0.2 ± 0.3 M. The reaction was stirred at RT
for 3 ± 4 h before quenching with ethyl vinyl ether and stirring for an
additional 30 min. The solvent was removed and the product was
washed with H2O. Polymers were dissolved in CH2Cl2 and precipi-
tated with cold Et2O. The product was isolated by centrifugation and
dried under vacuum in the presence of P2O5. Polymers were
deprotected in a cocktail containing H2O, TIS, and TFA (2.5:2.5:95)
for 5 h. The reaction mixtures were concentrated under N2,
precipitated in cold Et2O, and centrifuged. Polymers were dissolved
in H2O at pH 6 and reduced by treatment with excess tris(2-
carboxyethyl)phosphine (TCEP) for 5 h with stirring at 37 �C. Pure
deprotected product was isolated by precipitation with 1 N HCl.
Excess TCEP was removed by repeated washing with H2O. A gray
white solid was collected, dried, and stored at �20 �C.


In vitro fertilization assay : Eggs and sperm were isolated from ICR
(Taconic farms) or CD-1 (Charles River Laboratories) mice as
described in Yuan et al.[15] Zona pellucida were removed by treat-
ment with acid Tyrode's solution for 30 sec and recovered at 37 �C,
5% CO2 for 1 h. Zona-free eggs were loaded with Hoechst 33342
(1 �gmL�1) for 30 min and washed with six drops of M16 medium
(0.5% bovine serum albumin (BSA)). Eggs (20 ± 30/100 �L) were
incubated with peptide in M16 medium (3% BSA) for 45 min and
then sperm were added (5� 104 mL�1). After 45 min, the eggs were
washed in M16 medium (3% BSA) and mounted onto microscope
slides. Fusion was scored by fluorescent labeling of sperm nuclei with
Hoechst 33342 present in preloaded eggs. 3 ± 7 experiments were
performed per peptide and 25 ± 100 eggs per peptide were used. A
4�,6-diamidino-2-phenylindole (DAPI; 465 nm) cutoff filter was used
for fluorescence microscopy. IC50 values were determined by fitting
to the equation y� (y-range)/{1�( [I]/IC50)}s. s, cooperativity; y-
range� (y-max)� (y-min); [I] , inhibitor concentration.


Supporting Information : Complete experimental procedures for the
preparation of compounds 1 ±4 and the in vitro fertilization assay.
Spectra of compounds 1 ±4.
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Peptide Binding by One-Armed
Receptors in Water: Screening of a
Combinatorial Library for the Binding
of Val-Val-Ile-Ala


Carsten Schmuck*[a] and Martin Heil[a]


The development of artificial receptors for the molecular
recognition of peptides[1] in aqueous solvents is of great
importance for increasing our knowledge of peptide ±peptide
interactions and for the design of biosensors, the targeting of
cellular processes, or the discovery of new therapeutics. How-
ever, there are only very few known receptors that allow the
complexation of a peptidic substrate in water.[2] One reason for
this is that the strength of H-bonds, often successfully used for
molecular recognition in organic solvents, decreases rapidly with
increasing polarity of the solvent.[3] Fortunately, peptides offer
the advantage that various other noncovalent interactions can
also be exploited for substrate binding. In addition to H-bonds to
the amide backbone, further interactions to polar or nonpolar
groups in the amino acid side chains can be used, thereby not
only increasing the binding affinity, but also rendering the
recognition process selective, since these interactions depend
on the specific peptide sequence. In water, the combination of
electrostatic interactions (H-bonds, ion pairs) with hydrophobic
ones is of considerable interest.[4] Our work is currently focused
on the design of artificial receptors that allow the complexation
of a hydrophobic tetrapeptide, Ac-Val-Val-Ile-Ala-OH, in water.
This tetrapeptide represents the C-terminal sequence of the
amyloid-�-peptide responsible for the formation of protein
plaques within the brains of patients suffering from Alzheimer's
disease.[5] This specific sequence is thought to promote the
formation of self-aggregated �-sheets stabilized through a
combination of H-bonds and hydrophobic interactions.[6] In
accordance with this, the tetrapeptide substrate 5 used in this
study forms insoluble, fibril-like aggregates upon prolonged
standing in solution, despite its hydrophilic triethylene glycol
chain, underlining its high tendency to self-aggregate. This
validates the use of this Val-Val-Ile-Ala tetrapeptide as a suitable
model with which to study the self-aggregation of the amyloid-
�-peptide. An artificial receptor that effectively binds to this
tetrapeptide should therefore allow us to learn more about the
molecular basis of the self-aggregation of the amyloid peptide
and hence the origin of one of today's most devastating
diseases.
To identify suitable receptors for this substrate, we decided to


use a combinatorial approach,[2c,d, 7] screening a solid-phase-
bound library of structurally related receptors 1 for their binding
properties against a fluorophore-labeled derivative 5 of the


tetrapeptide. The general structure of our receptor library is as
follows: a linear tripeptide unit was attached to a solid support
through its C terminus. The N terminus was further modified
with a cationic guanidiniocarbonyl pyrrole group (�Gua), which
is one the most efficient binding motifs so far known for the
complexation of carboxylates in polar solvents.[8] This cationic
guanidinium group would be expected to form an ion pair with
the negatively charged C-terminal carboxylate of the tetrapep-
tide.[9] The peptidic nature of the receptor allows the formation
of a hydrogen-bonded antiparallel �-sheet with the backbone of
the substrate. In addition to these multiple electrostatic


interactions, hydrophobic contacts between the amino acid side
chains both in the substrate and the receptor should further
stabilize the complex, especially in water, not only through direct
hydrophobic interactions between the residues, but also by
burying the H-bonds within a less-polar microenvironment. We
wish to report here the synthesis of such a combinatorial
receptor library of 512 members and the successful evaluation of
their binding properties in aqueous buffer solution by use of
both a quantitative on-bead fluorescence binding assay and UV
titration in solution.[10]


The library was synthesized on amino-TentaGel as the solid
support according to a standard Fmoc protocol by the split-mix
approach[11] in combination with IRORI-radio frequency tagging
technology.[12] The same eight different amino acids–Lys(Boc),
Tyr(tBu), Ser(tBu), Glu(OBzl), Phe, Val, Leu, and Trp–were used in
each of the three coupling steps. These amino acids were
selectively chosen from the proteinogenic amino acids to
provide a wide range of structurally varying hydrophobic or
steric interactions.[13]


In order to assess the binding properties of these 512
receptors in aqueous solvents, a fluorescent and water-soluble
derivative 5 of the tetrapeptide Val-Val-Ile-Ala was synthesized
on a solid support, again by a standard Fmoc protocol. The free
amino group of the obtained tetrapeptide was then treated with
a) succinic anhydride (2), b) the diamine 3, and finally c) dansyl
chloride 4 (Scheme 1). Product 5 was cleaved off the resin with
TFA/CH2Cl2 (1:1) to give analytically pure 5 in 69% yield.
To probe the entire receptor library for its binding properties,


in a first experiment, aliquots of the 512 resin-bound receptors 1
were pooled, and the combined mixture was incubated with a


[a] Prof. Dr. C. Schmuck, Dipl.-Chem. M. Heil
Institut f¸r Organische Chemie, Universit‰t W¸rzburg
Am Hubland, 97074 W¸rzburg (Germany)
Fax: (�49)931-8884625
E-mail : schmuck@chemie.uni-wuerzburg.de
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Scheme 1. Synthesis of substrate 5.


2.5 �M solution of the tetrapeptide substrate 5 in 5 �M bis-tris
buffer (pH 6) in water. After the supernatant solution had been
washed off, the beads were screened under UV light. Selective
binding of the tetrapeptide substrate 5 by some–but not all–
of the 512 receptors 1 could indeed be observed, as indicated by
the strong fluorescence activity of individual beads (Figure 1).
Only those beads to which the attached receptor is able to bind
the peptide even in water can show the characteristic fluo-
rescence of the dansyl group. All the other receptors, which do


Figure 1. On-bead binding assay in water (5 �M bis-tris buffer pH 6). The strong
fluorescence activity of some beads indicates selective binding of the substrate 5
(2.5 �M) to some of the cationic receptors 1 within the library.


not bind the peptide under these experimental conditions,
remain dark.
Control experiments showed that the observed fluorescence


activity is indeed due to selective complexation by the receptor
of the peptide part of 5 and not of, for example, the dansylated
spacer. Furthermore, the uncharged methyl ester of the peptide
requires much higher concentrations to show only a weak and
rather unselective binding to the receptor library;[10] this
suggests that side-chain interactions alone are not strong
enough to form a stable complex. Hence, the binding of the
tetrapeptide by the receptors requires both electrostatic and
hydrophobic interactions, neither of these interactions alone
being sufficiently strong to ensure complex formation.
In a second experiment, we performed a quantitative on-bead


binding assay with all 512 receptors.[14, 15] Table 1 summarizes the
binding constants for the 10 best and the 10 worst receptors as


identified in this assay. These data show that the binding, even in
water, is still very efficient, with association constants of 4�
103M�1 for the best receptors. However, the association con-
stants are about 1 ± 2 orders of magnitude smaller than those
seen in organic solvents such as methanol.[10] Furthermore, the
receptors are remarkably different in their binding properties
towards this specific substrate despite their similar general
structure. The binding constants vary from 20M�1 for the worst
up to 4200M�1 for the best, hence differing by a factor of more
than 200! Within such a rather small library, with only a limited
structural diversity, this represents a surprisingly high selectivity.
A closer examination of the data in Table 1 reveals that there


are obviously certain structural features that can be assigned to
good and bad binding. Most striking is perhaps the fact that
nearly all of the receptors with high affinity have a Lys(Boc) in


Table 1. Selected association constants (M�1) for the complexation of 5 by
receptors of type 1 (Gua-AA1-AA2-AA3-resin) in water.


AA1 AA2 AA3 Kass [M�1]


Lys(Boc) Ser(OtBu) Phe 4200
Tyr(OtBu) Leu Ser(OtBu) 4000
Lys(Boc) Lys(Boc) Glu(OBz) 3000
Lys(Boc) Phe Val 2900
Lys(Boc) Tyr(OtBu) Val 2600
Lys(Boc) Phe Phe 2500
Lys(Boc) Lys(Boc) Phe 2400
Lys(Boc) Lys(Boc) Val 2200
Lys(Boc) Lys(Boc) Leu 2000
Lys(Boc) Ser(OtBu) Val 1900
Glu(OBz) Glu(OBz) Phe 120
Glu(OBz) Glu(OBz) Glu(OBz) 120
Ser(OtBu) Glu(OBz) Tyr(OtBu) 110
Val Ser(OtBu) Glu(OBz) 100
Ser(OtBu) Glu(OBz) Leu 90
Glu(OBz) Trp Glu(OBz) 85
Tyr(OtBu) Tyr(OtBu) Glu(OBz) 80
Glu(OBz) Trp Lys(Boc) 70
Ser(OtBu) Glu(OBz) Lys(Boc) 25
Ser(OtBu) Glu(OBz) Trp 20


Binding constants were determined on-bead in 10 �M bis-tris buffer (pH 6.1)
at 20 �C; error limits are estimated to be �25%.
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position-1 next to the guanidinium cation (9 out of 10). The
presence, however, of a Glu(OBz)–regardless of its position in
the receptor–seems to be incompatible with complex forma-
tion; all of the receptors with low affinity contain this amino acid.
Interestingly, these findings are quite different from our previous
results obtained for peptide binding by this receptor class in
organic solvents.[10] In methanol, for example, amino acids such
as Val or Phe were much better than Lys(Boc), with the two most
efficient receptors being Val-Val-Val-Gua and Phe-Val-Val-Gua,
with association constants of 9000M�1 relative to a formate
counter-ion. In water, though, their association constants are
only of the order of 1400M�1 and therefore only moderately high
within the series of receptors studied here. This underlines the
important influence of the solvent on supramolecular complex
formation, both in terms of binding affinity and selectivity.
Similarly to the situation in methanol, however, the presence of
an apolar amino acid such as Val, Phe, or Leu in the third position
of the receptor also seems to be preferable in water (8 out of 10);
this probably reflects the importance of hydrophobic interac-
tions to the N-terminal valine side chain of the substrate, which is
opposite this position in the �-sheet-like complex. This is in good
agreement with model studies that suggested that hydrophobic
interactions with Val39, which corresponds to the N-terminal
valine of our model tetrapeptide, are especially important for the
A� self-aggregation.[16]


In order to check whether our one-armed receptors of type 1
were also able to bind the substrate 5 in free solution, and not
only when attached to the solid support, we resynthesized a
selection of receptors–Gua-Leu-Tyr-Leu-NH2 (6), Gua-Val-Val-
Val-NH2 (7), and Gua-Lys-Leu-Lys (8)–by a standard Fmoc
protocol. Because of solubility problems with the hydrophobic
peptide 7, this receptor was also synthesized with a C-terminal


triethylene glycol chain to improve its solubility in aqueous
solution, to provide Gua-Val-Val-Val-TEG (9).
The association constants for these receptors were deter-


mined in a UV titration by addition of aliquots of the substrate 10
to a solution of the receptors in water (bis-tris buffer, pH 6.1,
[receptor]�5� 10�5M�1).[17] Changes in the UV spectrum of the
receptor were recorded and used to determine the binding
constants, as the absorbance of the pyrrole moiety at �� 290 nm
decreases upon complex formation.[18] Receptors 6 and 9 gave
binding constants of 1770M�1 and 2660M�1, in reasonably good
agreement with the data obtained on the solid support (1800M�1


and 1400M�1, respectively).[19] In order to check whether more
polar receptors were more advantageous than the rather
hydrophobic ones tested so far within the library, we also
studied the tris-cationic receptor Gua-Lys-Leu-Lys (9)–obtained
by deprotection of one of the former library members–under
the same conditions. In the on-bead assay the association
constant increased from Kass�1300M�1 for the tBoc-protected
receptor to Kass� 8800M�1, which again was confirmed by UV
titration in free solution, which provided Kass� 6025M�1.
Of course, the on-bead data are not exactly the same as the


solution data, since the solid support does influence the binding
event to some extent.[20] For the calculation of the binding
constant, for example, it is assumed in the on-bead assay that all
of the immobilized receptors can participate in intermolecular
association with the peptide substrate. Especially for hydro-
phobic receptors, such as Gua-Val-Val-Val (7), and for high resin-
loadings, aggregation of the receptor within the resin might
occur, affecting the measured binding constant. Furthermore,
the polarity of the resin and its swelling properties can also
influence complex formation, especially in water. However, the
above comparison of selected binding data for our receptors


both on the solid support and in
free solution, together with other
studies,[15, 20] shows that at least the
general trends that one observes in
on-bead binding assays will be the
same as those in free solution. The
determination of binding data in
an on-bead assay is therefore not
only a fast and convenient but also
a reliable way to identify receptors
with high affinity and selectivity
within a combinatorial library and
to arrive at relative conclusions
relating to intermolecular complex
formation.
To obtain an idea of why the


presence of a Lys(Boc) group next
to the guanidinium cation is favor-
able for binding, we turned to
molecular dynamics calculations
(Macromodel V8.0, Amber* force
field, GB/SA water solvation treat-
ment, 100 ps simulation time, 1.5 fs
time steps at 300 K).[21] These cal-
culations suggest the formation of
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a hydrogen-bonded �-sheet between the tetrapeptide Val-Val-
Ile-Ala and our receptors, with additional hydrophobic inter-
actions between the side chains and an ion pair between the
carboxylate and the guanidinium cation (Figure 2).


Figure 2. Calculated structure for the complex formed between receptor Gua-
Lys(Boc)-Ser(OtBu)-Phe (above) and Ac-Val-Val-Ile-Ala (below).


The formation of such a �-sheet-like complex is also
supported experimentally. ESI-MS experiments showed strong
signals for the formation of a discrete 1:1 complex between
receptor 7 and the peptide substrate N-Ac-Val-Val-Ile-Ala in
solution. Interestingly, the intensity of the 1:1 complex relative to
the free cationic receptor increases on going from less polar
organic solvents (DMSO/CH2Cl2) to aqueous solution (DMSO/
water), again this suggests that hydrophobic interactions, which
only occur in water and not in dichloromethane, play a
significant role in stabilizing the complex. According to NMR
studies in DMSO,[22] both the free receptor 7 and the free peptide
substrate adopt an extended zigzag conformation as required
for the formation of a �-sheet. All coupling constants for the
amide NH groups along the backbones are around 8 Hz.
Complex formation therefore does not require any extensive
conformational changes. Upon addition of the substrate to a
solution of the receptor in DMSO, complexation-induced shift
changes in the NMR spectrum can be observed for the amide NH
groups; this indicates their involvement in hydrogen bonds.[25]


As would be anticipated for complexation of a carboxylate, the
signal for the guanidinium NH2 protons is split into two
signals.[8b] Furthermore, a weak intermolecular NOE can be
observed between the alanine methyl group of the substrate
and the pyrrole CH of the receptor. All these spectroscopic data
are in full agreement with the proposed �-sheet-like structure
suggested by the modeling and depicted in Figure 2.
On the basis of such a �-sheet complex structure, the high


preference for Lys(Boc) in position-1 next to the guanidinium
cation might be due to favorable hydrophobic interactions
between the bulky tBoc group and the first (Val) and third (Ile)
amino acids of the tetrapeptide. According to the MD simu-
lations, the tBoc group is positioned between these two side
chains of the substrate, thereby closing the hydrophobic gap in
between. This minimizes the solvent-accessible surface (Fig-
ure 3) and therefore not only stabilizes the complex but also
provides a less-polar microenvironment for the H-bonds be-
tween the amide backbones of substrate and receptor, as they
are buried within the hydrophobic interior of the complex.


Figure 3. Solvent-accessible surfaces of substrate (green) and receptor (blue).
The tBoc group of the lysine side chain (see arrow) fits perfectly into the
hydrophobic gap between the first (Val) and third (Ile) side chains of the substrate
(side view of the complex). Nonpolar hydrogen atoms are omitted for clarity.


The higher affinity of the tris-cationic receptor Gua-Lys-Leu-
Lys (9) for the tetrapeptide is probably the result of the
additional positive charges on the lysine side chains, which favor
the complexation of the negatively charged tetrapeptide.
According to molecular modeling studies, Lys1 next to the
guanidinium moiety enters into an additional electrostatic
interaction with the negatively charged carboxylate (Figure 4).


Figure 4. Calculated structure for the complex between receptor Gua-Lys-Leu-Lys
(9, above) and Ac-Val-Val-Ile-Ala (below). Nonpolar hydrogen atoms are omitted
for clarity.


In conclusion, one-armed cationic guanidiniocarbonyl pyrrole
receptors efficiently bind the anionic tetrapeptide Val-Val-Ile-Ala
with high affinity even in pure water, as shown by UV titration
studies in free solution. Complex formation is based on a
combination of electrostatic and hydrophobic interactions with-
in a �-sheet-like structure. To identify high-affinity receptors
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within a combinatorial receptor library in a fast and convenient
way, a quantitative fluorescence on-bead screening assay can be
successfully used and provides relative data for binding affinities
at the same time. Analysis of these data shows that, even within
a small library of only 512 different members, the binding affinity
can be tuned over two orders of magnitude by small changes
within the receptor structure. Hence, small libraries designed for
a specific case can be as efficient as large, random libraries in
identifying suitable receptors for a specific target.


Experimental Section


Synthesis of tetrapeptide 5 : The fluorophore-labeled tetrapeptide 5
was synthesized on Wang resin by a standard protocol: Wang resin
(300 mg, 1.11 mmolg�1, 0.33 mmol) was swollen in CH2Cl2/DMF (8:2)
for 1.5 h, and the first amino acid was coupled to the resin by use of
Fmoc-Ala (2.0 equiv), diisopropylcarbodiimide (DIC, 2.0 equiv), and
dimethylaminopyridine (DMAP, 0.1 equiv) in CH2Cl2/MeOH (8:2), with
a reaction time of 20 h. The coupling step was repeated twice. The
Fmoc group was cleaved with piperidine in DMF (20%). The other
three amino acids (Ile, Val, Val) were coupled by use of the following
procedure: 2.5 equiv of amino acid and 2.5 equiv of (benzotriazol-1-
yloxy)trispyrrolidinophosphonium hexafluorophosphate (PyBOP) in
DMF containing 3% N-methyl morpholine (NMM; 10 mL) for 4 h. The
free amino function of the tetrapeptide was then coupled with
succinic anhydride (10.0 equiv) in CH2Cl2/DMF mixture (8:2) for 3 h.
The resulting carboxylic acid was coupled with 1,13-diamino-4,7,10-
trioxaundecane with PyBOP (10.0 equiv) in DMF (reaction time 3 h).
The resulting amine was treated with dansyl chloride (3.0 equiv) in
DMF for 20 h. Cleavage from the resin was performed with a CH2Cl2/
TFA mixture (1:1) for 2 h. The solvent was evaporated, and the
resulting red oil was treated with dry diethyl ether to obtain a light
green solid that was analytically pure: 1H NMR (400 MHz, [D6]DMSO):
��0.76 ± 0.83 (m, 18H; 6CH3), 1.06 (m, 1H; CH2), 1.23 (d, 3JH,H�
7.3 Hz, 3H; CH3), 1.41 (m, 1H; CH2), 1.51 (q, 3JH,H� 6.6 Hz, 2H; CH2),
1.58 (q, 3JH,H� 6.8 Hz, 2H; CH2), 1.70 (m, 1H; CH2), 1.94 (m, 1H; CH),
2.24 ± 2.42 (m, 4H; CH2), 2.83 (s, 6H; CH3), 3.04 (m, 3H; CH), 3.20 ±3.23
(m, 4H; CH2), 3.34 ± 3.51 (m, 12H; CH2), 4.12 ± 4.20 (m, 4H; CH), 7.25
(d, 3JH,H� 7.6 Hz, 1H; CH), 7.65 (d, 3JH,H� 9.0 Hz, 1H; NH), 7.77 (t, 3JH,H�
5.6 Hz, 1H; NH), 7.79 (d, 3JH,H�7.1 Hz, 1H; NH), 7.82 (t, 3JH,H� 5.8 Hz,
1H; NH), 7.84 (d, 3JH,H� 6.8 Hz, 1H; NH), 8.09 (d�d, 3JH,H�7.1 Hz,
3JH,H�7.3 Hz, 1H; CH), 8.11 (m, 1H; NH), 8.29 (d, 3JH,H� 8.6 Hz, 1H;
CH), 8.45 ppm (d, 3JH,H�8.6 Hz, 1H; CH); MS (ESI, DMSO/H2O) m/z :
958 [M�Na]� , 936 [M�H]� , 758 [M�C9H17N2O3�Na]� , 576
[C26H39N3O7S�K]� ; HR-MS (pos. ESI) C45H74N7O12S� calcd: 936.511;
found: 936.511.


Synthesis of receptors 6, 7, and 8 : The synthesis of the receptors 6,
7, and 8 was performed on Rink amide resin by following a standard
protocol. Rink amide resin (300 mg, 0.74 mmolg�1, 0.22 mmol) was
swollen in DMF for 1.5 h. The Fmoc protection group was removed
by agitation with piperidine in DMF (20%) for 20 min. Coupling
conditions for the amino acids: 2.5 equiv of Fmoc amino acid and
2.5 equiv PyBOP in DMF containing NMM 3% (10 mL). The mixture
was shaken for 3.5 h to ensure quantitative coupling. The yield was
monitored indirectly through the UV absorption of the Fmoc±pi-
peridine adduct at 300 nm. The attachment of the 5-guanidiniocar-
bonylpyrrole-2-carboxylic acid was performed under related con-
ditions: 2.5 equiv carboxylic acid, 2.5 equiv PyBOP, and DMF
containing 5% NMM, with extended reaction times of 24 h. The last
step was repeated to ensure quantitative coupling. The product was
cleaved from the solid support by shaking the resin with CH2Cl2/TFA


(5:95). The solvent was evaporated, and the remaining oil was
treated with dry diethyl ether. To obtain the hydrochloride salt, the
resulting white solid was dissolved in methanol (1 mL), acidified with
hydrochloric acid (0.1N, 4 mL), and lyophilized. To ensure quantitative
hydrochlorination this was done twice.


Gua-Leu-Tyr-Leu-NH2 (6): 1H NMR (400 MHz, [D6]DMSO): �� 0.79 ±
0.88 (m, 12H; 4CH3), 1.41 ± 1.57 (m, 6H; 2CH2, 2CH), 2.71 (m, 1H;
CH2), 2.89 ± 2.94 (m, 1H; CH), 4.18 (m, 1H; CH), 4.37 ± 4.48 (m, 2H;
CH), 6.55 (d, 2H; 3JH,H�8.5 Hz; Ar-CH), 6.88 (m, 1H; py-CH), 6.97 (s,
1H; NH2), 6.98 (d, 3JH,H� 8.5 Hz, 2H; Ar-CH), 7.09 (s, 1H; NH2), 7.49 (m,
1H; py-CH), 7.75 (d, 3JH,H�8.6 Hz, 1H; NH), 8.14 (d, 3JH,H�8.1 Hz, 1H;
NH), 8.42 (s, 2H; gua-NH2), 8.53 (d, 3JH,H�7.8 Hz, 1H; NH), 8.60 (s, 2H;
gua-NH2), 11.92 (s, 1H; gua-NH), 12.48 ppm (s, 1H; py-NH); 13C NMR
(100 MHz, [D6]DMSO): �� 21.7 (2CH2), 23.1, 23.2, 24.2, 24.4 (CH3),
36.2, 40.7, 41.2 (CH2), 51.1, 51.5, 54.4 (CH), 113.8, 115.8 (py-CH), 125.9,
132.5 (py-Cq), 115.0, 128.0 (Ar-CH) 130.2, 155.9 (Ar-Cq) 155.6 (gua-Cq),
159.0, 159.9, 170.8, 172.0, 174.0 (Cq) ppm; MS (ESI, DMSO/H2O) m/z :
585 [M]� , 568 [M�NH2]� , 455 [M�C6H13N2O]� , 292 [M�
C15H22N3O3]� , 179 [C7H7N4O2]� ; HR-MS (pos. ESI) C28H41N8O6


� calcd:
585.3149; found: 585.315.


Gua-Val-Val-Val-NH2 (7): 1H NMR (500 MHz, [D6]DMSO): ��0.82 ±0.85
(m, 18H; 6CH3), 1.93 ± 1.95 (m, 2H; 2CH), 2.05 (m, 1H; CH), 4.10 (m,
1H; CH), 4.17 (m, 1H; CH), 6.91 (m, 1H; py-CH), 7.02 (s, 1H; NH2), 7.12
(m, 1H; py-CH), 7.30 (s, 1H; NH2), 7.67 (d, 3JH,H� 8.8 Hz, 1H; NH), 8.11
(d, 3JH,H�8.7 Hz, 1H; NH), 8.40 (s, 2H; gua-NH2), 8.45 (d, 3JH,H� 8.5 Hz,
1H; NH), 8.57 (s, 2H; gua-NH2), 11.32 (s, 1H; gua-NH), 12.72 ppm (s,
1H; py-NH); 13C NMR (125 MHz, [D6]DMSO): �� 17.9, 18.4, 18.5, 19.2,
19.3, 19.3 (CH3), 30.1, 30.4, 30.6, 57.4, 58.1, 57.9, (CH), 113.9, 115.0 (py-
CH), 125.6, 132.4 (py-Cq), 155.1 (gua-Cq), 159.9, 170.7, 170.7,
170.9 ppm (Cq); MS (ESI, DMSO/H2O) m/z : 493 [M]� , 377 [M�
C5H11N2O]� , 278 [M�C10H20N3O2]� , 179 [C7H7N4O2]� .


Gua-Lys-Leu-Lys-NH2 (8): 1H NMR (400 MHz, [D6]DMSO): �� 0.82 (d,
3JH,H�6.3 Hz, 3H; CH3), 0.87 (d, 3JH,H�6.6 Hz, 3H; CH3), 1.25 ± 1.77 (m,
15H; CH2 � CH), 2.72 ± 2.80 (m, 4H; CH2), 4.13 (m, 1H; CH), 4.26 (m,
1H; CH), 4.43 (m, 1H; CH), 6.90 (m, 1H; py-CH), 7.03 (s, 1H; NH2), 7.18
(m, 1H; py-CH), 7.29 (s, 1H; NH2), 7.73 (d, 1H; NH), 7.75 (s, 6H; NH3


�),
8.15 (d, 3JH,H� 8.1 Hz, 1H; NH), 8.53 (s, 2H; gua-NH2), 8.54 (d, 3JH,H�
7.6 Hz, 1H; NH), 8.67 (s, 2H; gua-NH2), 11.51 (s, 1H; gua-NH),
12.49 ppm (s, 1H; py-NH); 13C NMR (100 MHz, [D6]DMSO): �� 21.6
(2CH3), 22.3 (CH), 22.7, 23.3, 24.4, 26.8, 31.5, 31.6, 38.8, 38.9 (CH2), 51.5,
52.3, 52.9 (CH), 113.8, 115.3 (py-CH), 125.8, 132.5 (py-Cq), 155.4 (gua-
Cq), 158.7, 160.1, 171.8, 171.9, 173.5 ppm (Cq); MS (ESI, DMSO/H2O)
m/z : 565 [M�H]� , 283 [M�2H]2�, 274 [M�NH2]2�, 189 [M�3H]3�, 179
[C7H7N4O2]� ; HR-MS (pos. ESI) C28H41N8O6


� calcd: 565.3574; found:
565.358.


Synthesis of receptor 9 : Rink amide resin (300 mg, 0.74 mmolg�1,
0.22 mmol) was swollen in DMF for 1.5 h. The Fmoc protection group
was removed by agitation with piperidine in DMF (20%) for 20 min.
The resin was treated with succinic anhydride (10 equiv) and DMAP
(1 equiv) in DMF/CH2Cl2 (8:2) for 4 h. The free carboxylic acid was
coupled with 1,13-diamino-4,7,10-trioxaundecane (10 equiv) by use
of PyBOP (2.5 equiv) in DMF for 3 h. The peptide was synthesized
with the resulting free amine. Coupling conditions for the amino
acids: 2.5 equiv of Fmoc amino acid, 2.5 equiv PyBOP, DMF contain-
ing NMM 3% (10 mL). The mixture was shaken for 3.5 h to ensure
quantitative coupling. The attachment of the 5-guanidiniocarbonyl-
pyrrole-2-carboxylic acid was performed under related conditions:
2.5 equiv carboxylic acid, 2.5 equiv PyBOP, and DMF containing 5%
NMM, with extended reaction times of 24 h. The last step was
repeated to ensure quantitative coupling. The product was cleaved
from the solid support by shaking the resin with a CH2Cl2/TFA
mixture (5:95). The solvent was evaporated, and the remaining oil
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was treated with dry diethyl ether. To obtain the hydrochloride salt,
the white solid was dissolved in methanol (1 mL), acidified with
hydrochloric acid (0.1N, 4 mL), and lyophilized: 1H NMR (400 MHz,
[D6]DMSO): �� 0.81 ± 0.88 (m, 18H; 6CH3), 1.59 (m, 4H; 2CH), 1.85 ±
2.09 (m, 3H; CH), 2.25 (s, 4H; CH2), 3.05 (m, 4H; CH2), 3.35 ± 3.45 (m,
12H; CH2), 4.07 (m, 1H; CH), 4.18 (m, 1H; CH), 4.46 (m, 1H; CH), 6.83
(s, 1H; NH2), 6.90 (m, 1H; py-CH), 7.24 (s, 1H; NH2), 7.36 (m, 1H; py-
CH), 7.69 (d, 3JH,H� 8.8 Hz, 1H; NH), 7.40 (t, 3JH,H� 5.5 Hz, 1H; NH), 7.87
(t, 3JH,H� 5.5 Hz, 1H; NH), 8.06 (t, 3JH,H� 8.8 Hz, 1H; NH), 8.44 (t, 3JH,H�
8.3 Hz, 1H; NH), 8.36 ± 8.50 (br s, 4H; gua-NH2), 11.65 (s, 1H; gua-NH),
12.70 ppm (s, 1H; py-NH); 13C NMR (100 MHz, [D6]DMSO): �� 18.4,
18.5, 18.6, 19.3, 19.3, 19.4 (CH3), 29.4, 29.5, 30.3, 30.4, 30.6, 30.7, 30.8
(3CH, 2CH2, 2N�CH2) 35.8, 35.9 (CH2) 58.0, 58.1, 58.3 (CH), 68.1, 68.2,
69.7, 69.7, 69.9, 69.9 (O�CH2), 114.1, 115.6 (py-CH), 125.7, 132.6 (py-Cq),
155.5 (gua-Cq), 158.5, 159.9, 170.7, 170.8, 171.0, 171.4, 173.6 ppm (Cq).


Synthesis of tetrapeptide 10 : The tetrapeptide 10 was synthesized
on Wang resin by a standard protocol : Wang resin (300 mg,
1.11 mmolg�1, 0.33mmol) was swollen in CH2Cl2/DMF (8:2) for 1.5 h.
The first amino acid was coupled to the resin with Fmoc-Ala
(2.0 equiv), DIC (2.0 equiv), and DMAP (0.1 equiv) in CH2Cl2/MeOH
(8:2); reaction time 20 h. The procedure was repeated, after which
the Fmoc group was cleaved with piperidine in DMF (20%). The next
three amino acids (Ile, Val, Val) were coupled by the following
procedure: 2.5 equiv of amino acid and 2.5 equiv of PyBOP in DMF
containing 3% NMM (10 mL) for 4 h. The free amino function of the
tetrapeptide was then coupled with triethyleneglycol carboxylic acid
by use of PyBOP in DMF (2.5 equiv in DMF for 3 h). Cleavage from the
resin was performed with CH2Cl2/TFA (1:1) for 2 h. The solvent was
evaporated, and the resulting brown oil was treated with dry diethyl
ether to obtain a white solid, which was analytically pure: 1H NMR
(400 MHz, [D6]DMSO): �� 0.76 ± 0.83 (m, 18H; 6CH3), 1.07 (m, 1H;
CH2), 1.23 (d, 3JH,H� 7.3 Hz, 3H; CH3), 1.42 (m, 1H; CH2), 1.69 (m, 1H;
CH), 1.94 (m, 2H; CH), 3.46 ± 3.59 (m, 12H; CH2), 3.92 (s, 2H; CH2),
4.12 ± 4.18 (m, 4H; CH), 7.44 (d, 3JH,H� 9.1 Hz, 1H; NH), 7.72 (d, 3JH,H�
8.8 Hz, 1H; NH), 8.02 (d, 3JH,H� 8.8 Hz, 1H; NH), 8.13 ppm (d, 3JH,H�
7.1 Hz, 1H; NH); 13C NMR (75 MHz, [D6]DMSO): ��11.0, 15.3, 17.2,
18.0, 18.0, 18.5, 19.3 (CH3), 24.3 (CH2), 30.4, 31.1, 36.8, 47.4, 56.5, 57.7,
58.1 (CH), 67.6, 67,7, 67,8, 68.4, 69.7, 69.9, 72.5 (O�CH2), 168.9, 170.4,
170.6, 170.7, 173.9 ppm (Cq); MS (ESI, DMSO/H2O) m/z : 613 [M�Na]� ,
502 [M�C3H6NO2]� , 389 [C18H33N2O7]� , 290 [C13H24NO6]� , 203
[C8H15O5�Na]� ; HR-MS (pos. ESI) C28H41N8O6Na� calcd: 613.3424;
found: 613.342.
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Angiogenesis, the process by which new capillaries are formed
from preexisting blood vessels, represents a vital function for the
growth of normal tissues during embryogenesis as well as for the
pathological growth of tumors. Experimental evidence has
shown that both primary and metastatic tumors need to recruit
angiogenic vessels for their growth, and form their own
circulatory system by up-regulating angiogenic stimulators and
down-regulating angiogenesis inhibitors.[1] Blocking of positive
regulators or utilization of negative regulators to suppress
angiogenesis results in a delay or regression of induced tumors.
In particular, negative regulators of angiogenesis, such as
angiostatin, endostatin, and antagonists for integrin �v�3,
displayed profound antitumor activities in vivo.[2]


Angiostatin is a 38 kDa internal fragment of plasminogen,
produced by proteolytic cleavage, and consists of four triply-
disulfide-bridged kringle structures. In mice, angiostatin inhibits
primary tumor growth as well as angiogenesis-dependent
growth of metastases. In vitro, angiostatin inhibits endothelial


cell migration and reduces endothelial cell growth in prolifer-
ation assays. Furthermore, it has been shown that angiostatin
induces endothelial cell-specific apoptosis in vitro.[3]


Despite intense research efforts, the exact mechanisms by
which angiostatin down-regulates neovascularization remain to
be determined. Little is also known about the nature of receptors
mediating inhibitory effects on endothelial cells, although
several receptors for angiostatin have been identified. ATP
synthase has been described as a high-affinity angiostatin-
binding protein, and antibodies to ATP synthase have been
reported to inhibit the antiproliferative activity of angiostatin on
endothelial cells. Plasminogen itself has been shown to bind to
other cell-surface proteins such as annexin II and alpha enolase.[4]


Recently, angiomotin has been identified in a yeast two-hybrid
screen as a functional angiostatin-binding protein that mediates
the inhibition of endothelial cell motility and tube formation in
vitro.[5]


A fundamental step for deciphering the biology of angiostatin
is to understand the role of the kringle functional domains in the
structure/function of angiostatin. Each kringle is composed of
approximately 80 amino acids in a double-loop conformation,
held together by three disulfide bonds. Angiostatin was
originally described as consisting of kringles 1 ± 4, although the
�COOH terminus was identified later on by Soff and co-workers,
who described an angiostatin consisting of kringles 1 ± 4, plus
approximately 85% of plasminogen kringle 5.[6] Early attempts to
generate recombinant angiostatin indicated the importance of
the disulfide-bonded kringle in the inhibition of angiogenesis.
Several other findings suggested that the kringle structure itself
confers a large part, if not all, of the antiangiogenic activity.[7]


While sharing structural similarity and sequence homology,
kringle domains appear to have distinct inhibitory profiles on
angiogenesis-associated endothelial cell activities.[8] Specifically,
the in vitro activity of angiostatin in endothelial-cell proliferation
assays resides in kringles 1 ± 3, with kringle 1 being the most
potent inhibitor, while kringle 4 is relatively ineffective. In
contrast, K4 is the smaller fragment with the most potent
antimigratory activity. Finally, Cao and co-workers demonstrated
that K5 of plasminogen presents the most potent activity against
endothelial-cell proliferation.[9] The reasons why some of the
kringle domains are significantly more potent than others and
the mechanisms explaining the dissociation of antiproliferative
and antimigratory activity attributed to K4, compared with other
kringle domains, are still unknown. However, comparisons of
different angiostatin-related proteins require careful scrutiny
since differences in activity between different kringle domains,
or different angiostatin isoforms with varying kringle composi-
tions, may reflect artifacts of the recombinant technology, and
not necessarily an inherent difference in the kringle composition.
To investigate the different contribution of K4 regions to the


antimigratory activity, three linear peptides that mapped the
entire K4 sequence were designed (Figure 1), synthesized, and
tested for biological activity, the quantification of the biological
activity being regarded as the first step in the process of
identification of the minimum active sequence in the design of
peptides of reduced length. All linear peptides present N- and
C-terminal Cys residues protected by Acm or tButhio groups. In


[19] Another receptor, Gua-Glu(OBnz)-Trp-Glu(OBnz)-NH2, which is one of the
weak binding receptors according to the on-bead assay (Kass� 90M�1), did
not give any reasonable data. The binding constant was too low to be
measured accurately in free solution by UV titration, which is again in
good agreement with the rather poor binding affinity of this specific
receptor observed in the on-bead assay.


[20] M. Conza, H. Wennmers, Chem. Commun. 2002, 866 ± 867.
[21] F. Mohamadi, N. G. J. Richards, W. C. Guida, R. Liskamp, M. Lipton, C.


Caufield, G. Chang, T. Hendrickson, W. C. Still, J. Comput. Chem. 1990, 11,
440 ± 467.


[22] Because of the limited solubilities both of the free peptide and of the
receptors at concentrations �10 mM in aqueous solvents, the NMR
studies had to be performed in DMSO. Although the relative importance
of H-bonds/ion-pairing versus hydrophobic interactions should be
shifted towards the hydrophobic interactions in water, the observation
of the H-bonded pattern required for a � sheet in DMSO is also a
necessary prerequisite for its occurrence in water.
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Angiogenesis, the process by which new capillaries are formed
from preexisting blood vessels, represents a vital function for the
growth of normal tissues during embryogenesis as well as for the
pathological growth of tumors. Experimental evidence has
shown that both primary and metastatic tumors need to recruit
angiogenic vessels for their growth, and form their own
circulatory system by up-regulating angiogenic stimulators and
down-regulating angiogenesis inhibitors.[1] Blocking of positive
regulators or utilization of negative regulators to suppress
angiogenesis results in a delay or regression of induced tumors.
In particular, negative regulators of angiogenesis, such as
angiostatin, endostatin, and antagonists for integrin �v�3,
displayed profound antitumor activities in vivo.[2]


Angiostatin is a 38 kDa internal fragment of plasminogen,
produced by proteolytic cleavage, and consists of four triply-
disulfide-bridged kringle structures. In mice, angiostatin inhibits
primary tumor growth as well as angiogenesis-dependent
growth of metastases. In vitro, angiostatin inhibits endothelial


cell migration and reduces endothelial cell growth in prolifer-
ation assays. Furthermore, it has been shown that angiostatin
induces endothelial cell-specific apoptosis in vitro.[3]


Despite intense research efforts, the exact mechanisms by
which angiostatin down-regulates neovascularization remain to
be determined. Little is also known about the nature of receptors
mediating inhibitory effects on endothelial cells, although
several receptors for angiostatin have been identified. ATP
synthase has been described as a high-affinity angiostatin-
binding protein, and antibodies to ATP synthase have been
reported to inhibit the antiproliferative activity of angiostatin on
endothelial cells. Plasminogen itself has been shown to bind to
other cell-surface proteins such as annexin II and alpha enolase.[4]


Recently, angiomotin has been identified in a yeast two-hybrid
screen as a functional angiostatin-binding protein that mediates
the inhibition of endothelial cell motility and tube formation in
vitro.[5]


A fundamental step for deciphering the biology of angiostatin
is to understand the role of the kringle functional domains in the
structure/function of angiostatin. Each kringle is composed of
approximately 80 amino acids in a double-loop conformation,
held together by three disulfide bonds. Angiostatin was
originally described as consisting of kringles 1 ± 4, although the
�COOH terminus was identified later on by Soff and co-workers,
who described an angiostatin consisting of kringles 1 ± 4, plus
approximately 85% of plasminogen kringle 5.[6] Early attempts to
generate recombinant angiostatin indicated the importance of
the disulfide-bonded kringle in the inhibition of angiogenesis.
Several other findings suggested that the kringle structure itself
confers a large part, if not all, of the antiangiogenic activity.[7]


While sharing structural similarity and sequence homology,
kringle domains appear to have distinct inhibitory profiles on
angiogenesis-associated endothelial cell activities.[8] Specifically,
the in vitro activity of angiostatin in endothelial-cell proliferation
assays resides in kringles 1 ± 3, with kringle 1 being the most
potent inhibitor, while kringle 4 is relatively ineffective. In
contrast, K4 is the smaller fragment with the most potent
antimigratory activity. Finally, Cao and co-workers demonstrated
that K5 of plasminogen presents the most potent activity against
endothelial-cell proliferation.[9] The reasons why some of the
kringle domains are significantly more potent than others and
the mechanisms explaining the dissociation of antiproliferative
and antimigratory activity attributed to K4, compared with other
kringle domains, are still unknown. However, comparisons of
different angiostatin-related proteins require careful scrutiny
since differences in activity between different kringle domains,
or different angiostatin isoforms with varying kringle composi-
tions, may reflect artifacts of the recombinant technology, and
not necessarily an inherent difference in the kringle composition.


To investigate the different contribution of K4 regions to the
antimigratory activity, three linear peptides that mapped the
entire K4 sequence were designed (Figure 1), synthesized, and
tested for biological activity, the quantification of the biological
activity being regarded as the first step in the process of
identification of the minimum active sequence in the design of
peptides of reduced length. All linear peptides present N- and
C-terminal Cys residues protected by Acm or tButhio groups. In


[19] Another receptor, Gua-Glu(OBnz)-Trp-Glu(OBnz)-NH2, which is one of the
weak binding receptors according to the on-bead assay (Kass� 90M�1), did
not give any reasonable data. The binding constant was too low to be
measured accurately in free solution by UV titration, which is again in
good agreement with the rather poor binding affinity of this specific
receptor observed in the on-bead assay.
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studies had to be performed in DMSO. Although the relative importance
of H-bonds/ion-pairing versus hydrophobic interactions should be
shifted towards the hydrophobic interactions in water, the observation
of the H-bonded pattern required for a � sheet in DMSO is also a
necessary prerequisite for its occurrence in water.
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view of the double-loop structure of the native K4 domain, we
also cyclized the three fragments using the disulfide bridge
formation as conformational constraint. Indeed, the presence of
disulfide bonds seems to play an important role in the inhibition
of angiogenesis. Consequently, we synthesized cyclic K4-A, cyclic
K4-B, and cyclic K4-C (Table 1), with only K4-C reproducing a
natural K4 domain motif. The cyclic heterodimer cyclic K4-AB


was synthesized to mimic the bigger
external loop of the K4 domain (Fig-
ure 1). The synthetic molecule differs
from the natural domain since: i) an
unnatural disulfide bridge is present
between Cys358 and Cys407, and ii) an
additional Cys residue has been added
in position 379 (Cys379 is present both
as a C-terminal residue in K4-A and as
a N-terminal residue in K4-B) to intro-
duce a disulfide bridge between frag-
ment K4-A and K4-B, replaced by a
peptide bond in the K4 domain natu-
ral structure.


In the first synthetic protocol for
intramolecular disulfide-bridge forma-
tion (syntheses of cyclic K4-A, K4-B,
and K4-C), mercury(II) acetate was used
to remove the Acm protecting
group(s) from the Cys side chain(s)
before potassium ferricyanide treat-
ment. In each case, the cyclic analogue
gave a complex with Hg2�, as con-
firmed by mass spectroscopic data.
The application of a different synthetic
protocol, involving AgI removal of the
Acm group and DMSO treatment,
gave disulfide bridged cyclic peptides
not conjugated with metallic ions.


In the synthesis of the cyclic peptide
named K4-AB, a combination of tBu-
thio and Acm protection was used for
the selective formation of two disul-
fide bonds. Closure of the disulfide
bridge between the C-terminal Cys of


K4-A and the N-terminal Cys of K4-B, after removal of the tButhio
groups, was carried out by thiolysis with di-tert-butyl azodicar-
boxylate, a reagent successfully applied in the synthesis of
asymmetrical disulfides.[10] Subsequent AgI removal of the Acm
groups from the N- and C-terminal cysteines and oxidation with
aqueous HCl/DMSO in diluted solution resulted in the formation
of the second disulfide bridge.


Figure 1. a) Structure of angiostatin as originally described by O'Reilly et al. , consisting of the first four of the five
kringle domains of plasminogen;[2] b) Structure of kringle 4 with the different synthesized sequences highlighted.


Table 1. Sequences of peptides derived from the angiostatin K4 domain.


Peptide Form Sequence


K4-A Linear K4(358 ± 379) [a]�������������������		�[b]


Cyclic K4(358 ± 379) �������������������		�


K4-B Linear K4 (379 ±407) [b]���
���������	��������������[a]


Cyclic K4 (379 ±407) ���
���������	��������������


K4-C Linear K4 (407 ±430) [a]�������	��
���������
��[a]


Cyclic K4 (407 ±430) �������	��
���������
��


K4-AB Cyclic K4 (358 ±407)


[a] Stands for Cys(Acm). [b] Stands for Cys(tButhio).
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The antimigratory activities of synthetic peptides were
examined on human microvascular endothelial cells in a Boyden
chamber assay. Vascular Endothelial Growth Factor (VEGF), a
positive regulator of angiogenesis, was used as chemoattractant
to elicit cell migration. The assay results, reported in Table 2, can
be summarized as follows:
i) Two peptides, linear K4-A and cyclic K4-C, exhibit an


inhibitory activity on endothelial cell migration higher than
that of the entire K4 domain (ICK4


50 �500 nM).[9] Indeed, they
show IC50 values of 386 and 441 nM, respectively.


ii) The 51 cyclic peptide K4-AB shows an IC50 of 600 nM.
iii) The cyclization of K4-C, unlike that of K4-A, gives an analogue


more active than the linear peptide. It might be supposed
that the cyclization of K4-C, by reproducing the natural
constraint, improves the inhibitory effect whereas the
introduction of a disulfide bridge in the K4-A sequence, not
present in the K4 native structure, does not promote the
biologically active conformation of the peptide.


iv) In all experiments, the cyclic peptides in complexation with
Hg2� show inhibitory activities lower (IC50�1000 nM) than
those of cyclic analogues not complexed with Hg2�. How-
ever, CD studies did not show any conformational variation
between cyclic peptides with and without Hg2� (data not
shown). Most probably, the lower activity of cyclic peptides in
complexation with Hg2� may be ascribed to the presence of
Hg2� itself.


v) The experiments indicate that the inhibition of endothelial
cell migration induced by the K4 domain is principally
promoted by the (358 ±379) and (407 ± 430) sequences.


Preliminary CD studies in water, 2,2,2-trifluoroethanol (TFE),
and sodium dodecyl sulfate (SDS) show that the peptides are
very flexible and that cyclization of K4-A, K4-B, and K4-C does not
induce evident modifications in the population of conformers
according to the large dimensions of the cycles (data not
shown). Thus, it can be hypothesized that the inhibitory effect is
mostly exerted through: i) the inhibition of VEGF action, and/or
ii) the peptide mimicking K4 antimigratory activity.


In order to elucidate how the (358 ±379) and (407 ±430)
regions of the angiostatin K4 domain can affect the cell
migration mechanisms, experiments targeted towards the
identification of the minimum sequence of bioactive peptides,
the role of the single amino acids in eliciting the antimigratory
activity, and the pharmaceutical potential of these synthetic
molecules are underway in our laboratories.


Experimental Section


All peptides reported in Table 1 were synthesized by solid-phase
methods by using a fully automated peptide synthesizer (Applied
Biosystems Model 431A) by Fmoc chemistry. Rink Amide MBHA resin
(0.59 mmolg�1) was used as solid support.


Synthesis of K4-A peptides : In the synthesis of the linear form of the
K4-A sequence, side chains were protected by Acm and tButhio (Cys,
Table 1), Pmc (Arg), Trt (Gln and His), OtBu (Asp), Boc (Lys), and tBu
(Thr, Ser, and Tyr). The cleavage and deprotection of 711 mg of
peptide-resin was carried out with a reagent mixture composed of
phenol (0.5 g), triethylsilane (0.2 mL), H2O (0.5 mL), and trifluoroacetic
acid (TFA, 8.8 mL) for 1 h. MALDI mass analysis confirmed the product
identity (theoretical value: 2494 Da; experimentally determined
value: 2501 Da).


The protocol for the synthesis of the cyclic form of K4-A started with
tButhio removal by reduction with thiols: K4-A (11.4 mg), ammonium
bicarbonate (1.8 mL, 0.1M), CH3CN (0.4 mL), DMF (drops) at 25 �C
under Ar for 5 min; then 1,4-dithiothreitol (DTT, 14.2 mg), ammonium
bicarbonate (200 �L, 0.1M) for 2 h under Ar, adjusted to pH 2 with
AcOH.[11] The Acm removal was carried out first by HgII deprotection:
tButhio-deprotected K4-A (2.18 mg), AcOH/H2O (225 �L, 30%),
(AcO)2Hg (1.15 mg) at 25 �C for 1 h; 2-mercaptoethanol (2.54 �L) at
25 �C for 1 h, followed by ferricyanide oxidation tButhio and Acm-
deprotected K4-A (1.97 mg), H2O (22 mL), pH 6.88, K3Fe(CN)6/H2O
(�1.8 mL, 100 mg:50 mL) at 25 �C for 30 min; addition of anionic
resin (0.5 g), at 25 �C for 30 min.[12] This protocol produced the cyclic
analogue in complexation with Hg2�, as demonstrated by a mass
spectrometric analysis (theoretical value: 2335�200 Da; experimen-
tally measured value: 2538 Da).


Given this result, the cyclization was repeated after Acm depro-
tection with AgI : tButhio-deprotected K4-A (9.27 mg), TFA (8.91 mL),
anisole (90 �L), silver trifluoroacetate (85 mg) at 4 �C for 2 h; followed
by DMSO oxidation of tButhio- and Acm-deprotected K4-A (9 mg),
CH3COOH/H2O 81 mL 5%), pH 6, DMSO (10 mL) at 25 �C for 2 h.[13]


Mass spectroscopic data confirmed the product identity (theoretical
mass: 2335 Da; experimentally measured mass: 2335 Da).


Synthesis of K4-B peptides : The following side chain protecting
groups were used in the synthesis of the linear K4-B peptide: Acm or
tButhio (Cys, Table 1), Pmc (Arg), Trt (Asn, Gln, and His), OtBu (Glu),
Boc (Lys and Trp), tBu (Thr, Ser, and Tyr). Cleavage and deprotection
were carried out by use of the same trimethylsilane mixture as
described for the K4-A synthesis. The identity of the synthetic
peptide was checked by mass spectrometric analysis (theoretical
value: 3539 Da; experimentally measured value: 3536 Da). The
tButhio removal was achieved by DTT treatment and Acm depro-
tection, and disulfide bond formation was carried out by the
strategies described above. The protocol involving HgII treatment
and ferricyanide oxidation produced a cyclic form of K4-B in
complexation with Hg2� (theoretical mass: 3378�200 Da; exper-
imentally determined mass: 3583 Da), while the AgI treatment and
DMSO oxidation resulted in the expected product (theoretical value:
3378 Da; experimentally determined value: 3378 Da).


Synthesis of K4-C peptides : In the synthesis of linear K4-C, amino
acid side chains were protected by the following groups: Acm (Cys),
Pmc (Arg), Trt (Asn), OtBu (Asp and Glu), Boc (Lys and Trp), tBu (Thr,
Ser, and Tyr). Peptide cleavage and deprotection were carried out by
use of a reagent mixture of phenol (1.5 g), ethane-1,2-dithiol (EDT,
0.5 mL), thioanisole (1 mL), H2O (1 mL), and TFA (20 mL) over 1.5 h.
The identity of the synthetic peptide was checked by mass
spectrometry analysis (theoretical value: 2954 Da; experimentally
measured value: 2956 Da).


Table 2. Inhibitory activity of synthetic peptides mapped from the K4 domain
of angiostatin on human microvascular endothelial cell migration.


Peptide Form IC50 [nM]
K4-A Linear 386


Cyclic 852
K4-B Linear � 1000


Cyclic 898
K4-C Linear � 1000


Cyclic 441
K4-AB Cyclic 600
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The cyclization of K4-C was achieved by disulfide bond formation after
Acm removal. The Acm removal was first carried out by HgII deprotection
K4-C (2.9 mg), AcOH/H2O (0.5mL 30%), (AcO)2Hg (1.25mg) at 25�C for
1 h; 2-mercaptoethanol (2.75 �L) at 25�C for 1 h; followed by ferricya-
nide oxidation.[11] Again, the first protocol for Acm deprotection by HgII


treatment and subsequent oxidation by ferricyanide resulted in a cyclic
K4-C in complexation with Hg2�, as demonstrated by a mass
spectrometry analysis (theoretical value: 2810�200 (Hg2�) Da; exper-
imentally measured value: 3012 Da). The correct cyclic form of K4-C
(theoretical mass value: 2810 Da; experimentally measured mass value:
2812 Da) was instead obtained by removal of the Acm protecting group
with AgI, followed by DMSO oxidation.


Synthesis of K4-AB peptide : A combination of tButhio and Acm
protection for the selective formation of two disulfide bonds was
used for the synthesis of the cyclic peptide spanning the (358 ±407)
fragment of K4 (sequence K4-AB in Table 1). The first disulfide bond
was formed after the selective removal of tButhio protection by DTT
from the C-terminal Cys of K4-A and N-terminal Cys of K4-B. The
closure of the disulfide bridge was carried out by thiolysis with di-
tert-butyl azodicarboxylate: a solution of Acm-deprotected K4-A
(11 mg) in DMF (0.98 mL) was dropped into a solution of di-tert-butyl
azodicarboxylate (3.15 mg) in DMF (51 �L) and left at 25 �C for 4 h
under Ar.[10] Subsequent AgI removal of the Acm groups from the N-
and C-terminal cysteines and treatment with aqueous HCl/DMSO in a
very dilute solution (linear heterodimer (2.4 �mol), HCl (2.4 mL, 1N),
and DMSO (2.4 mL), 16 h) resulted in formation of the second
disulfide bridge (theoretical mass: 5715 Da; experimentally meas-
ured mass: 5715 Da).


Crude peptides were purified by use of a semipreparative Delta Pak
C18 column (15 �m, 100 ä, 7.8� 300 mm, Waters). The identity and


homogeneity of all synthetic products were demonstrated by
analytical reversed-phase chromatography (Vydac C18, 5 �m, 100 ä,
4.6�250 mm) and capillary electrophoresis (Applied Biosystems
capillary electrophoresis system, Model 430A). The formation of
intramolecular disulfide bridges in the syntheses of cyclic analogues
was confirmed by a negative response to the Elman test.[14]


Endothelial cell migration assay : The endothelial cell migration was
performed as described in ref. [15] . Human dermal microvascular
endothelial cells (Cell Systems, Kirkland, WA) were starved for 16 h in
media containing 0.1% bovine serum albumin (BSA), harvested,
resuspended into DME with 0.1% BSA, plated on the bottom side of
a modified Boyden chamber (Nucleopore Corporation, MD), and
allowed to attach in the inverted chamber for 2 h at 37 �C. The
chamber was then reinverted, test substances were added to the
wells of the upper chamber, and the cells were allowed to migrate for
4 h at 37 �C. Membranes were recovered, fixed, and stained, and the
number of cells that had migrated to the upper chamber per 10 high
power fields were counted. Background migration to DME � 0.1%
BSA was subtracted, and the data were recorded as the number of
cells migrated per 10 high power fields (400� ). VEGF (R&D Systems,
Minneapolis, MN) was used as a chemoattractant at a concentration
of 100 pgmL�1 to elicit the migration of the endothelial cells. Each
peptide in Table 1 was tested at varying concentrations of 50, 125,
250, 500, and 1000 nM. All experiments were repeated three times.
The results of endothelial-cell-migration assays are reported in
Figure 2. All synthetic peptides inhibited VEGF-induced cell
migration in a dose-dependent manner, while only some of
them presented IC50 values in the tested range of concentrations
(Table 2).


Figure 2. Comparison of inhibitory effects on endothelial cell migration by K4 fragments. Linear and cyclic peptides were assayed on human microvascular endothelial
cells, stimulated with VEGF. The x axes represent peptide concentration (c), the y axes the changes in cell number (�n).
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Quantum Dots As A Visual Aid For
Screening Bead-Bound
Combinatorial Libraries


Hernando J. Olivos,[a] Kiran Bachhawat-Sikder,[a] and
Thomas Kodadek*[a]


A commonly used method for identifying protein ligands is to
screen combinatorial libraries or diverse compound collections.
A particularly convenient way to do so is to create a library of
compounds on beads by using the classical split-and-pool
technique,[1] then incubate a labeled protein with the library.
Ideally, beads that display ligands able to bind the target protein
'light up' above whatever backgroundmight be observed, which
allows their identification.[2] This approach is particularly attrac-
tive if one wishes to employ the ligands thus identified as
immobilized protein capture agents, which is the main focus of
our research.[3] However, the technique places stringent de-
mands on the resin to be utilized for both synthesis and
screening, since it must exhibit good swellability in both
aqueous and organic solvents, low nonspecific protein binding,
and good mechanical stability. After considerable experimenta-
tion, we found that TentaGel (Rapp Polymere) resin, which
consists of a cross-linked polystyrene core overlaid with long,
amine-terminated polyethylene glycol chains, has by far the best
combination of these attributes. Unfortunately, TentaGel, like
many polystyrene-based resins, exhibits high-level, broad-wave-
length autofluorescence (see Figure 1). This is unfortunate


Figure 1. Fluorescence emission spectrum of a TentaGel bead (excitation: 330 ±
380 nm).
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A commonly used method for identifying protein ligands is to
screen combinatorial libraries or diverse compound collections.
A particularly convenient way to do so is to create a library of
compounds on beads by using the classical split-and-pool
technique,[1] then incubate a labeled protein with the library.
Ideally, beads that display ligands able to bind the target protein
'light up' above whatever background might be observed, which
allows their identification.[2] This approach is particularly attrac-
tive if one wishes to employ the ligands thus identified as
immobilized protein capture agents, which is the main focus of
our research.[3] However, the technique places stringent de-
mands on the resin to be utilized for both synthesis and
screening, since it must exhibit good swellability in both
aqueous and organic solvents, low nonspecific protein binding,
and good mechanical stability. After considerable experimenta-
tion, we found that TentaGel (Rapp Polymere) resin, which
consists of a cross-linked polystyrene core overlaid with long,
amine-terminated polyethylene glycol chains, has by far the best
combination of these attributes. Unfortunately, TentaGel, like
many polystyrene-based resins, exhibits high-level, broad-wave-
length autofluorescence (see Figure 1). This is unfortunate


Figure 1. Fluorescence emission spectrum of a TentaGel bead (excitation: 330 ±
380 nm).
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because, while there are many ways available to label a protein
for a screening experiment, fluorescent tags have many
advantages, including high sensitivity. Furthermore, fluores-
cence microscopes commonly available in many departments
can be used to visually screen large libraries without the need for
other specialized, expensive equipment. We have found that the
signal from many such tags, for example fluorescein, is obscured
by the bead fluorescence (data not shown). As is reported below
and in detail elsewhere, this problem can be partially overcome
by using Texas-Red-labeled proteins, since the bead fluorescence
is lowest in the red region of the visible spectrum (Figure 1).
Nonetheless, the significant background exhibited by TentaGel
and related beads even in this region of the specturm makes
microscope-based visual screening a tedious and time-consum-
ing process, and also results in occasional false positives. We
show herein that all of these problems can be avoided by using
the unique fluorescent properties of a quantum dot to visualize
captured proteins. The result is a simple and convenient two-
color assay that easily distinguishes true 'hits' from beads lacking
appreciable levels of captured protein with extremely high
sensitivity.


Quantum dots are nanomaterials that provide a much higher
quantum yield of fluorescence and exhibit better photochemical
stability than organic fluorophores.[4] A critical feature of
quantum dots is that they are semiconductor materials and
therefore absorb energy in a broad and continuous region of the
spectrum but have narrow and symmetrical emission peaks.[5]


Recently, streptavidin (SA)-coated quantum dots that emit in the
red region of the spectrum (�max� 608 nm) have become
commercially available that should allow the detection of
biotinylated proteins captured on beads. We therefore decided
to compare the performance of a quantum dot with that of an
organic fluorophore, Texas Red, in a protein binding experiment
with peptides displayed on TentaGel beads.


Ubiquitin was labeled with biotin and used as the target
protein. The labeled ubiquitin (1 �M) was incubated with beads
displaying either a seven-residue ubiquitin-binding peptide[6] or
a negative control peptide that does not bind ubiquitin. As a
positive control, a third set of beads was created in which biotin
was linked covalently to the bead surface. After washing, the
beads were then exposed to either Texas-Red-labeled strepta-
vidin (250 nM) or SA-coated quantum dots (50 nM).[7]


The top panel in Figure 2 shows the results obtained by using
Texas-Red-labeled streptavidin as the 'sandwich agent' and
employing the excitation filter commonly used for this dye
(555 ± 590 nm band pass). Both the beads displaying the
covalently linked biotin and ubiquitin-binding peptide exhibit
significant fluorescence. The fluorescence intensity from beads
displaying the ubiquitin-binding peptide is clearly greater than
that observed for the negative control peptide, but this modest
difference illustrates the problem with using Texas-Red-labeled
proteins for library screening experiments. The 'hits' are brighter
than the background, but the level of contrast is not huge. This
problem necessitates careful and painstaking visual analysis of
beads under a microscope field, which is a tedious process.


In contrast, the lower panel in Figure 2 shows the results
obtained by using SA-coated quantum dots as the sandwich


Figure 2. 'Sandwich assays' detecting the capture of biotinylated ubiquitin (Ub).
TentaGel beads displaying a Ub-binding peptide or negative control peptide were
incubated with biotinylated Ub, then with a) Texas Red-conjugated SA (excitation
filter : 555 ± 590 nm; exposure: 300 ms; magnification 10� ) or b) SA-coated
quantum dots (excitation filter : 390 ± 410 nm; exposure: 150 ms; magnification
10� ). Beads displaying biotinylated lysine were employed as a positive control
for binding of the labeled SA. Results from identical experiments utilizing Ub
biotinylated at a lysine side chain (random biotin ubiquitin) or labeled uniquely at
the N terminus (N-biotin ubiquitin) are shown.


agent and employing the excitation filter commonly used for
4�,6-diamidino-2-phenylindole (DAPI) dye (390 ±410 nm band
pass filter). Both the biotinylated beads and the beads displaying
the ubiquitin-binding peptide exhibit a bright red fluorescence.
However, the negative control beads are bright green, which is
expected from the fluorescence spectrum of TentaGel beads
shown in Figure 1. The same result was obtained with ubiquitin
that had been biotinylated at lysine side chains as with ubiquitin
labeled specifically at the N terminus (Figure 2). These results
show that the much greater emission intensity of the quantum
dot and its extraordinary Stokes shift provide a signal that is not
obscured by the autofluorescence of the beads. The striking
color difference between the beads that display the ubiquitin-
binding peptide and those that display the negative control
peptides provides a visually convenient, high-contrast 'two-color
assay' that would make library screening experiments much
easier.


To simulate a screening experiment, a few beads displaying
the ubiquitin-binding peptide were added to an excess of beads
that display the negative control peptide. This mixture was
incubated with biotinylated ubiquitin (1 �M) and then, after
washing, the beads were incubated with SA-coated quantum
dots (50 nM). Photomicrographs of the same group of beads
were then taken with the Texas Red (Figure 3a) or DAPI
(Figure 3b) excitation filters. A green and a red bead were
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Figure 3. Fluorescence micrograph of a mixture of beads displaying the
ubiquitin-binding peptide and a negative control peptide after incubation with
biotinylated ubiquitin followed by SA-coated quantum dots. a) Texas Red
excitation filter. Exposure: 2000 ms. b) DAPI excitation filter. Exposure: 150 ms.
Magnification: 10� in each case.


picked from the field shown and their sequences were
determined by Edman sequencing. As expected, the bright red
bead displayed the ubiquitin-binding peptide while the green
beads (dark in the left-hand panel) displayed the negative
control peptide. This result indicates that quantum-dot-based
visualization allows one to choose true hits in the midst of many
other beads reliably.


To test the sensitivity of quantum-dot-based detection in this
type of assay, we used TentaGel beads displaying a peptide
(YAPPLPPRNRPRA) that binds the Src homology 3 (SH3) domain
of human c-Src protein with a dissociation constant, KD, of
300 nM.[8] Again, beads displaying a different peptide were
employed as a negative control (Figure 4). A dilute solution of


Figure 4. Photomicrograph of beads that display an Src-binding peptide or a
negative control peptide taken through the DAPI excitation filter after incubation
of the beads with dilute Src (50 pM) followed by SA-coated quantum dots. The Src
binder exhibits a red halo on the surface of the bead. The negative control shows
the green fluorescence bead background. Exposure: 150 ms. Magnification: 10� .


biotin-labeled c-Src (50 pM) was incubated with each type of
bead. After washing, two beads displaying the c-Src-binding
peptide and one of the control-peptide beads were placed in the
same field of view under a microscope and a photograph was
taken through the DAPI band pass filter (390 ± 410 nm) for


excitation. As shown in Figure 4a, two of the beads have readily
observable red halos around the green core, while one is solid
green. The input level of protein was well below the KD value of
the complex, therefore only a small amount of biotinylated c-Src
should be retained by the beads displaying the Src-binding
peptide, especially after washing. Since the photograph is not a
confocal image, the red halo pattern is expected as in this region
of the micrograph the signal due to multiple layers of quantum
dots is summed. When this experiment was repeated with the
streptavidin ± Texas Red conjugate in place of the quantum dots,
no bound protein could be observed. When the DAPI filter was
used, all of the beads appeared green with no red halo visible.
When we repeated the experiment with Texas-Red-labeled Src,
100 nM was the lowest concentration of protein at which binding
could be detected visually above the bead background (Fig-
ure 4b). This lack of contrast is a serious limitation for performing
on-bead assays at low concentrations of a Texas-Red-labeled
protein. This experiment shows that quantum-dot-based detec-
tion is superior for the detection of modest-affinity ligands under
demanding conditions.


With these model experiments complete, we then turned to
employing the quantum dot technology in a genuine library-
screening experiment, again comparing this technique to our
standard protocol with Texas-Red-labeled protein. �1-Antitryp-
sin (AAT) was labeled with Texas Red or biotin. The labeled
protein was purified to remove excess free label and was then
used to screen a library of octamer peptides built from 10 amino
acids (A, D, E, H, K, N, R, V, W, Y) by split-and-pool synthesis on
TentaGel. Figure 5 shows photomicrographs from each screen-


Figure 5. Screening of a peptide library with AAT. Two portions of the library were
incubated with the corresponding labeled AAT. a) 250 nM Texas Red ±AAT.
Exposure: 2000 ms. b) 250 nM biotin ±AAT and then 50 nM SA ±quantum dot.
Exposure: 300 ms. The arrows indicate the hits isolated for characterization.
Magnification: 4� in each case.


ing experiment. Each image shows a bead scored as a 'hit'
(indicated by the blue arrow). Figure 5a is typical of the results
we obtained when screening against a number of Texas-Red-
labeled proteins. A spectrum of beads, ranging in appearance
from quite bright (the hit) to less bright to quite dark, is observed
and considerable time is required to look carefully at each
microscopic field and decide which are the best hits. In contrast,
the micrograph from the experiment with the quantum dot
technology (Figure 5b) shows the stark contrast between a hit
and a negative result. The hit is obvious since it is the only bead
showing any red color. This contrast makes visual screening
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much faster and completely eliminates the possibility of picking
false positives, which is a significant problem when using Texas-
Red-labeled proteins. The 'hit molecule' from the quantum-dot-
based screen is being incorporated into a protein-detecting
microarray and its characterization, along with that of many
other protein ligands, will be reported elsewhere.


All of the photomicrographs shown in this study were
obtained with a standard monochromatic CCD camera. Images
taken with different filter sets were then processed by using
standard software to provide the false-color images shown.
More expensive and sophisticated color cameras are not
required to produce these images. More importantly, the red
and green colors of the hit and negative beads, respectively, are
readily visible when one views the beads through the eyepiece
of the microscope and the type of picture shown in Figure 5b is
typical of what one sees, so only a standard microscope with the
appropriate set of filters is required for screening. Indeed, if one
employs large macrobeads (reported to generate high-loading
compound-bead libraries)[9] that can be seen with the naked eye
for library synthesis, the quantum dot method allows visual-
ization of captured biotinylated protein with the naked eye by
using a simple hand-held UV light source (365 nm irradiation) of
the type employed to visualize fluorescent TLC plates (data not
shown). This approach makes library screening accessible to
essentially any laboratory, even those lacking access to a
fluorescence microscope.


In summary, we have shown that visualization of protein
binding to a ligand immobilized on polystyrene-based beads can
be realized much more easily by using quantum dots than with
traditional organic fluorophores. In particular, the visually
striking two-color readout that is obtained when the beads are
irradiated with 390 ±410-nm light provides a sensitive, high-
contrast measure of the level of protein captured on the bead.
This technique should prove to be an enormous aid in library
screening experiments that involve libraries synthesized on
beads or spotted onto other surfaces with significant intrinsic
fluorescence.


Experimental Section


Proteins, peptides, and instrumentation : 9-fluorenylmethoxycar-
bonyl (Fmoc) amino acids were purchased from Novabiochem.
Streptavidin Qdots 605 were purchased from Quantum Dot Corpo-
ration. Streptavidin Texas Red was purchased from Molecular Probes.
Lysine- and N-terminally biotinlylated ubiquitin were purchased from
Boston Biochemicals. Human Src was purchased from Upstate
Biotechnology Inc. and was biotinylated with sulfo-NHS-LC-biotin
(Pierce) according to the protocols that were provided by the
manufacturer. The peptides were synthesized on TentaGel macro-
beads (Rapp Polymere; 140 ± 170 �m, 0.51 mmolg�1 capacity) by
standard Fmoc chemistry on a Symphony peptide synthesizer
(Protein Technology Incorporated). Biotin was attached to the
TentaGel macrobeads by using Fmoc lysine (Advanced Chemtech)
activated with O-benzotriazoyl-1-yl-N,N,N,N-tetramethyluronium
hexafluorophosphate. On-bead sequencing was performed on a
476A ABI Protein sequencer. The fluorescence of the beads was
recorded on a hyperspectral microscope constructed in the labo-
ratory of Prof. Harold Garner (University of Texas Southwestern).[10]


The on-bead fluorescence assays were visualized with a Nikon Eclipse
TE300 fluorescence microscope equipped with a Chroma 61002
triple-band filter set and a CCD camera. MetaMorph software was
used to acquire and process the photomicrographs.


Capture of a biotinylated protein on TentaGel beads and
detection by using Streptavidin Quantum dots : Peptides immo-
bilized on TentaGel beads (about 1 mg) were preblocked with 2%
bovine serum albumin (BSA) in phosphate buffered saline (PBS;
1 mL) for four hours at 4 �C. After excess liquid had been decanted,
the beads were incubated with biotinylated protein (500 �L, 1 �M) in
NaCl (1M), BSA (1%), and Tween 20 (1%) at room temperature for
30 minutes. After washing with PBS at room temperature (five
minutes, three times, 1 mL) the beads were incubated with
Streptavidin-coated Qdots 605 (50 nM, 250 �L) in the blocking
solution provided by the manufacturer at room temperature for
30 minutes. After excess liquid had been decanted, the beads were
washed with PBS at room temperature (five minutes, three times,
1 mL). An aliquot was placed in a standard 96-well microtiter plate
and analyzed under a fluorescence microscope.
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Rapid Diversity-Oriented Synthesis in
Microtiter Plates for In Situ Screening
of HIV Protease Inhibitors
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Since the early days of the discovery of HIV-1 protease (HIV-1 PR),
this enzyme has been selected as an important target for the
inhibition of viral replication.[1] The enormous effort over the past
two decades to develop effective molecules that inhibit the HIV-
1 PR has resulted in the discovery of drugs that have dramatically
improved the quality of life and survival of the patients infected
with HIV-1. To date there are six different HIV-1 PR inhibitors (PI)
that are commercially available.[2] These drugs are administered
in combination with the reverse transcriptase inhibitors in what
is called ™highly active anti-retroviral therapy (HAART)∫. Unfortu-
nately, many drug-resistant and cross-resistant mutant HIV-1 PRs
have been identified, thus hampering long term suppression of
the virus and resulting in return of AIDS symptoms.[3] Therefore,
the development of new protease inhibitors, which are effica-
cious against both the wild type and drug resistant HIV-1 PR and
less prone to development of resistance, is urgently needed.


During the last decade, the number and throughput of
biological assays of protease activity has notably increased.
However, the high rates of HIV-1 PR mutation still outpace
conventional drug discovery efforts, mostly because of limita-
tions associated with identification of the lead structures and, to
a greater extent, slow structure ± activity profiling. While the
former can be improved by rational design and computational
studies, rapid synthesis of diverse analogues and their optimi-
zation still remains a challenge. We have recently developed a
new strategy to facilitate the drug discovery process: diversity-
oriented organic synthesis in microtiter plates followed by in situ
screening without product isolation and protecting group
manipulation. This strategy was demonstrated with the use of
amide-forming reaction in a rapid identification of new potent
HIV protease inhibitors.[4]


Click chemistry[5] has emerged as a strategy for the rapid and
efficient assembly of molecules with diverse functionality on


both laboratory and production scales. Enabled by a few nearly
perfect reactions, it guarantees reliable synthesis of the desired
products in high yield and purity. Modularity, selectivity, and
wide scope make click chemistry ideal for achieving diversity in
just a few steps and with no need for further purification.


Advantages of click chemistry in biological studies have
recently been demonstrated in several applications: construc-
tion of fluorescent oligonucleotides for DNA sequencing,[6] in
situ assembly of acetylcholinesterase inhibitors,[7] chemically
orthogonal high fidelity bioconjugation,[8] and activity-based
protein profiling in whole proteomes.[9] In principle, this type of
chemistry is well suited for microscale synthesis and for bio-
logical screening in situ. To demonstrate its feasibility we have
used the copper(I)-catalysed triazole formation for the synthesis
of sugar arrays in the above mentioned microtiter plate format,
followed by in situ screening of glycosyltransferase inhibitors
and enzyme glycosylation.[10] Herein, we report an expedient
approach to the discovery of novel HIV-1 PR inhibitors based on
the latest advance in the copper(I)-catalyzed 1,2,3-triazole
synthesis.[10, 11] This highly reliable process, which proceeds well
in aqueous solvents and tolerates virtually all functional groups
without the need for protection, made it possible to quickly
generate the desired libraries of potential inhibitors and to
screen them directly in microtiter plates, without any purifica-
tion, against HIV-1 PR and its mutants.


The efficacy of hydroxyethylamine isosteres as transition-state
mimics and as backbone replacements of amide bonds in the
P1/P1� position of aspartyl protease inhibitors has been well
documented, most notably in incorporation in the structures of
three commercially available drugs, amprenavir,[12] nelfinavir,[13]


and saquinavir.[14] We, therefore, envisioned a library of com-
pounds which retained this core, while diversifying the P2/P2�
residues to generate new inhibitors. Starting from the optically
active epoxy amine 1, two different azide cores were prepared as
summarized in Scheme 1. Epoxy amine 1[15] in H2O/EtOH was


Scheme 1. Preparation of the two azide cores 3 and 5. a) NaN3, EtOH/H20 60 �C,
2 h; b) 4 N HCl/dioxane; c) (S)-3-tetrahydrofuranyl N-oxysuccinimidyl carbonate,
Et3N; d) i-BuNH2, MeOH; e) p-methoxybenzenesulfonyl chloride, K2CO3, CH3CN,
3 h; f) 4 N HCl/dioxane; g) TfN3, H2O/CH2Cl2/MeOH, RT.
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treated with NaN3 at 60 0C for two hours to give 2 in 87% yield.
Subsequent removal of the Boc group using 4 N HCl/dioxane
followed by coupling of the free amine with (S)-3-tetrahydrofur-
anyl N-oxysuccinimidyl carbonate, furnished the desired product
3 in 83% overall yield. Starting from the same epoxy amine 1, the
second azide core 5 was prepared. Epoxy amine 1 was opened
with isobutylamine followed by coupling of the secondary
amine with p-methoxybenzenesulfonyl chloride to give 4.
Removal of the Boc group and application of the diazo transfer
reaction,[16] gave the desired azide compound 5 in 76% overall
yield.


A solution of each core in tert-butyl alcohol was dispensed
into fifty different vials, each containing a corresponding alkyne,
catalytic amount of CuSO4 and a piece of copper turning
(Scheme 2). After incubation at room temperature for 48 h, LC-
MS analysis indicated full consumption of the azide core and
approximately quantitative formation of the cycloaddition
product (Mw 400 ± 720).


Scheme 2. Principle of the triazole forming reaction to generate a library of HIV
PR inhibitors, coupled with high throughput screening.


Initially, all reactions were diluted to 100 nM into 200 �L wells
of 96 microtiter plate and were assayed[17] for their inhibition
activity against HIV-1 PR and three mutants (G48V, V82F, V82A).
Wells that showed 50% inhibition of the enzyme activity were
selected and diluted to 10 nM and screened again. Interestingly,
at 100 nM none of the compounds derived from core 3 inhibited
50% of the activity of any of the four enzymes (HIV-1 PR, G48V,
V82F, V82A). However, twelve compounds derived from the
azide core 5 showed �50% inhibition activity against the four
different enzymes. Furthermore, six of these compounds
exhibited good activity against HIV-1 PR at 10 nM, most notably
compounds 6–9. The most active compounds, 6 and 8, were
synthesized, purified, and their IC50 and Ki values determined
(Table 1). It should be mentioned that both cores, 3 and 5, show
a very high IC50 against the HIV-1 PR and its mutants (�3 �M,
�1 �M, respectively).


Many HIV-1 PR inhibitors have the disadvantage of low
bioavailability because of their peptide character. Most inhib-
itors, including those that have been approved by the Food and
Drug Administration (FDA), contain one or more amide bonds.
The 1,4-triazole forming reaction allows for diversity through
nonpeptidic linkage. The amide bond is well suited for hydrogen
bonding with the binding site of the enzyme; however, it is not
clear how the triazole moiety binds to the enzyme. In order to
shed light on the binding mode of these linkages, compound 6
was computationally docked using AutoDock3.[18] Protein coor-
dinates and coordinates for the water bound under the flaps
were taken from PDB entry 1 hpv,[12] and coordinates for


Table 1. IC50 and Ki values for inhibitors 6 and 8.


Inhibitor
6 8


Enzyme IC50 [nM] Ki [nM] IC50 [nM] Ki [nM]


HIV PR 6� 0.5 1.7� 0.1 13� 0.5 4� 0.5
V82F 19� 1 10� 0.5 24� 1 13� 0.5
G48V 39� 1 22� 1 17� 1 9.7� 0.5
V82A 46� 2 27� 1 52� 2 30� 1
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compound 6 were built using ideal geometry. The docking
simulation produced two conformations of approximately equal
energy. One conformation placed the triazole in the position
normally adopted by the peptide unit between P2 and P1
substituents in peptidomimetic compounds, with the central
nitrogen of the triazole perfectly positioned to form a hydrogen
bond with the water normally found under the protease flaps, as
shown in Figure 1. This water also formed a hydrogen bond with
the sulfonamide as seen in the crystallographic structure of
amprenivir bound to HIV-1 protease.[12] The other conformation


Figure 1. Compound 6 computationally docked to HIV-1 protease. The best
conformation is shown here, with the compound in balls-and-sticks at center, and
the water shown above and the two catalytic aspartate residues in pink below.
Key hydrogen bonds, shown with yellow arrows, are formed between the water
and the compound and between main chain peptide atoms in the protein and the
triazole substituent.


positioned the compound in a similar place, but with the triazole
rotated by 180 degrees, allowing a slightly better fit of the
triazole substituent but sacrificing the hydrogen bond with
water. Further improvement of these inhibitors based on the>
X-ray structures of HIV-1 PR bound to inhibitors 6 and 8 is
currently under investigation.


In summary, Cu(I)-catalyzed stepwise variant of Huisgen's
1,2,3-triazole synthesis enabled rapid solution-phase preparation
of a 100-member focused library, from which two novel
inhibitors of HIV-1 PR have been identified by direct screening.
This method should be widely applicable for efficient assembly
of diverse compound collections that are useful in optimization
of other P/P� residue of protease inhibitors.


Experimental Section


General procedure for libraries assembly : A 10 mM solution of each
core was prepared in tert-butyl alcohol, in which 200 �L of this
solution were dispensed into fifty different vials, each containing a
corresponding alkyne (1.2 equiv.), 200 �L of CuSO4 (300 �M), and


copper turning. The reactions were allowed to stand at room
temperature for 48 hours. After this period of time, the reactions
were analyzed by LC-MS and showed complete reaction based on
the disappearance of the azide core and the appearance of a new
peak corresponding to the mass of the cycloaddition product of the
core and a specific alkyne (Mw 400 ± 720).
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