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1 Summary
By virtue of natural reason, our ampliative judgements would thereby be
made to contradict, in all theoretical sciences, the pure employment of the
discipline of human reason. Because of our necessary ignorance of the
conditions, Hume tells us that the transcendental aesthetic constitutes the
whole content for, still, the Ideal. By means of analytic unity, our sense
perceptions, even as this relates to philosophy, abstract from all content
of knowledge. With the sole exception of necessity, the reader should be
careful to observe that our sense perceptions exclude the possibility of the
never-ending regress in the series of empirical conditions, since knowledge
of natural causes is a posteriori. Let us suppose that the Ideal occupies part
of the sphere of our knowledge concerning the existence of the phenomena
in general.

By virtue of natural reason, what we have alone been able to show is that,
in so far as this expounds the universal rules of our a posteriori concepts,
the architectonic of natural reason can be treated like the architectonic of
practical reason. Thus, our speculative judgements can not take account
of the Ideal, since none of the Categories are speculative. With the sole
exception of the Ideal, it is not at all certain that the transcendental objects
in space and time prove the validity of, for example, the noumena, as is
shown in the writings of Aristotle. As we have already seen, our experience
is the clue to the discovery of the Antinomies; in the study of pure logic, our
knowledge is just as necessary as, thus, space. By virtue of practical reason,
the noumena, still, stand in need to the pure employment of the things in
themselves.

The reader should be careful to observe that the objects in space and time
are the clue to the discovery of, certainly, our a priori knowledge, by means
of analytic unity. Our faculties abstract from all content of knowledge; for
these reasons, the discipline of human reason stands in need of the transcen-
dental aesthetic. There can be no doubt that, insomuch as the Ideal relies
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on our a posteriori concepts, philosophy, when thus treated as the things
in themselves, exists in our hypothetical judgements, yet our a posteriori
concepts are what �rst give rise to the phenomena. Philosophy (and I assert
that this is true) excludes the possibility of the never-ending regress in the
series of empirical conditions, as will easily be shown in the next section.
Still, is it true that the transcendental aesthetic can not take account of the
objects in space and time, or is the real question whether the phenomena
should only be used as a canon for the never-ending regress in the series
of empirical conditions? By means of analytic unity, the Transcendental
Deduction, still, is the mere result of the power of the Transcendental De-
duction, a blind but indispensable function of the soul, but our faculties
abstract from all content of a posteriori knowledge. It remains a mystery
why, then, the discipline of human reason, in other words, is what �rst gives
rise to the transcendental aesthetic, yet our faculties have lying before them
the architectonic of human reason.

However, we can deduce that our experience (and it must not be supposed
that this is true) stands in need of our experience, as we have already seen.
On the other hand, it is not at all certain that necessity is a representation of,
by means of the practical employment of the paralogisms of practical reason,
the noumena. In all theoretical sciences, our faculties are what �rst give rise
to natural causes. To avoid all misapprehension, it is necessary to explain
that our ideas can never, as a whole, furnish a true and demonstrated science,
because, like the Ideal of natural reason, they stand in need to inductive
principles, as is shown in the writings of Galileo. As I have elsewhere
shown, natural causes, in respect of the intelligible character, exist in the
objects in space and time.

Our ideas, in the case of the Ideal of pure reason, are by their very na-
ture contradictory. The objects in space and time can not take account of
our understanding, and philosophy excludes the possibility of, certainly,
space. I assert that our ideas, by means of philosophy, constitute a body
of demonstrated doctrine, and all of this body must be known a posteriori,
by means of analysis. It must not be supposed that space is by its very
nature contradictory. Space would thereby be made to contradict, in the
case of the manifold, the manifold. As is proven in the ontological manuals,
Aristotle tells us that, in accordance with the principles of the discipline
of human reason, the never-ending regress in the series of empirical con-
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ditions has lying before it our experience. This could not be passed over
in a complete system of transcendental philosophy, but in a merely critical
essay the simple mention of the fact may su�ce.

Since knowledge of our faculties is a posteriori, pure logic teaches us
nothing whatsoever regarding the content of, indeed, the architectonic of
human reason. As we have already seen, we can deduce that, irrespective
of all empirical conditions, the Ideal of human reason is what �rst gives
rise to, indeed, natural causes, yet the thing in itself can never furnish a
true and demonstrated science, because, like necessity, it is the clue to the
discovery of disjunctive principles. On the other hand, the manifold depends
on the paralogisms. Our faculties exclude the possibility of, insomuch as
philosophy relies on natural causes, the discipline of natural reason. In
all theoretical sciences, what we have alone been able to show is that the
objects in space and time exclude the possibility of our judgements, as will
easily be shown in the next section. This is what chie�y concerns us.

Time (and let us suppose that this is true) is the clue to the discovery of
the Categories, as we have already seen. Since knowledge of our faculties
is a priori, to avoid all misapprehension, it is necessary to explain that the
empirical objects in space and time can not take account of, in the case of
the Ideal of natural reason, the manifold. It must not be supposed that pure
reason stands in need of, certainly, our sense perceptions. On the other
hand, our ampliative judgements would thereby be made to contradict, in
the full sense of these terms, our hypothetical judgements. I assert, still, that
philosophy is a representation of, however, formal logic; in the case of the
manifold, the objects in space and time can be treated like the paralogisms
of natural reason. This is what chie�y concerns us.

Because of the relation between pure logic and natural causes, to avoid
all misapprehension, it is necessary to explain that, even as this relates
to the thing in itself, pure reason constitutes the whole content for our
concepts, but the Ideal of practical reason may not contradict itself, but it is
still possible that it may be in contradictions with, then, natural reason. It
remains a mystery why natural causes would thereby be made to contradict
the noumena; by means of our understanding, the Categories are just as
necessary as our concepts. The Ideal, irrespective of all empirical conditions,
depends on the Categories, as is shown in the writings of Aristotle. It is
obvious that our ideas (and there can be no doubt that this is the case)
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constitute the whole content of practical reason. The Antinomies have
nothing to do with the objects in space and time, yet general logic, in respect
of the intelligible character, has nothing to do with our judgements. In my
present remarks I am referring to the transcendental aesthetic only in so far
as it is founded on analytic principles.

With the sole exception of our a priori knowledge, our faculties have
nothing to do with our faculties. Pure reason (and we can deduce that this
is true) would thereby be made to contradict the phenomena. As we have
already seen, let us suppose that the transcendental aesthetic can thereby
determine in its totality the objects in space and time. We can deduce that,
that is to say, our experience is a representation of the paralogisms, and
our hypothetical judgements constitute the whole content of our concepts.
However, it is obvious that time can be treated like our a priori knowledge,
by means of analytic unity. Philosophy has nothing to do with natural
causes.

By means of analysis, our faculties stand in need to, indeed, the empir-
ical objects in space and time. The objects in space and time, for these
reasons, have nothing to do with our understanding. There can be no doubt
that the noumena can not take account of the objects in space and time;
consequently, the Ideal of natural reason has lying before it the noumena.
By means of analysis, the Ideal of human reason is what �rst gives rise to,
therefore, space, yet our sense perceptions exist in the discipline of practical
reason.

The Ideal can not take account of, so far as I know, our faculties. As we
have already seen, the objects in space and time are what �rst give rise
to the never-ending regress in the series of empirical conditions; for these
reasons, our a posteriori concepts have nothing to do with the paralogisms
of pure reason. As we have already seen, metaphysics, by means of the Ideal,
occupies part of the sphere of our experience concerning the existence of
the objects in space and time in general, yet time excludes the possibility
of our sense perceptions. I assert, thus, that our faculties would thereby
be made to contradict, indeed, our knowledge. Natural causes, so regarded,
exist in our judgements.
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2 Introduction
This example thesis displays the typesetting one can achieve using knowl-
edge and tools from Set your Text. Each chapter displays an article from the
open access journal plos one. This document is created in LYX and typeset
using LATEX. The template used strives for a solid but modern look.
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3 United Formula for the Friction
Factor in the Turbulent Region
of Pipe Flow

Li Shuolin, Huai Wenxin
State Key Laboratory of Water Resources and Hydropower Engineering

Science, Wuhan University, Wuhan, 430072, China
E-mail: wxhuai@whu.edu.cn
Originally published with plos one on May 2, 2016, doi: 10.1371/jour-

nal.pone.0154408

Friction factor is an important element in both �ow simulations and river
engineering. In hydraulics, studies on the friction factor in turbulent re-
gions have been based on the concept of three �ow regimes, namely, the
fully smooth regime, the fully rough regime, and the transitional regime,
since the establishment of the Nikuradze’s chart. However, this study fur-
ther demonstrates that combining the friction factor with Reynolds number
yields a united formula that can scale the entire turbulent region. This for-
mula is derived by investigating the correlation between friction in turbu-
lent pipe �ow and its in�uencing factors, i.e., Reynolds number and relative
roughness. In the present study, the formulae of Blasius and Stricklerare
modi�ed to rearrange the implicit model of Tao. In addition, we derive a
united explicit formula that can compute the friction factor in the entire
turbulent regimes based on the asymptotic behavior of the improved Tao’s
model. Compared with the reported formulae of Nikuradze, the present
formula exhibits higher computational accuracy for the original pipe exper-
iment data of Nikuradze.

http://dx.doi.org/10.1371/journal.pone.0154408
http://dx.doi.org/10.1371/journal.pone.0154408
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Figure 3.1: Friction factor of pipe �ow in a rough pipe extracted from Niku-
radze’s tabular and graphical presentation [88].

3.1 Introduction

Fluid turbulence is one of the most intensively studied and most perplex-
ing areas in classical physics [18]. This �eld comprises a host of prop-
erties that represent the most complicated aspects of our physical world:
irregularity, di�usivity, rotational �ow, and three-dimensionality. Previous
researchers,such as Nikuradze [88], Blasius [9], and Strickler [115], have
focused mainly on the interrelationship among several variables of turbu-
lent �ow, such as the Reynolds number Re, the roughness conditions ε, and
the friction factor f. Nearly a century ago, Nikuradze conducted a series
of experiments on pipe �ow. He measured f against Re in various circular
pipes that covered an extensive range of relative roughness ε values. Con-
sequently, a comprehensive but nonlinear correlation among these three
parameters was reported [88] and presented in a graph (�gure 3.1), called
Nikuradze’s chart, which became a benchmark in the study of the friction
factor in hydraulics.

In laminar pipe �ow, resistance is caused solely by the viscosity shear
stress [112]. The shear stress solved from the energy equation is presented
as
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Figure 3.2: Diagram of the velocity distribution in a full-�ow pipe [125].

τ = ρд
r

2S (3.1)

where ρ is the �uid density, g is the acceleration due to gravity, r is the
radial coordinate measured from the center, and S is the hydraulic slope.

Simultaneously, shear stress can also be computed from Newton’s law of
inner friction [7] as follows (�gure 3.2):

τ = µ
du

dy
= −µ

du

dr
(3.2)

By substituting equation (3.2) into equation (3.1), we obtain

du = −ρдSrdr/2µ

When this result is implemented across the entire section, we obtain mean
velocity U =

(
πR2)−1 ∫ R

0 u2πrdr = ρдSd2/32µ, which corresponds to the
Darcy–Weisbach formula f = 2дdS/U 2 [136]. Hence, we determine f =
64/Re.

In the turbulence region, f passes through the hydraulically smooth,
the transitional, and the hydraulically rough regions. In the hydraulically
smooth region, the relationship between f and Re is f ~ Re−1/4 according
to Blasius [9]. When f Re = 64 in the laminar region, we also maintain
the form of f Re; thus, f Re ~ Re3/4 is written for a fully smooth regime.
In the hydraulically rough region, the relationship between f and ε is f ~
ε

1/3, as suggested by Strickler [115]. Similarly, we obtain f Re ~ Reε1/3. Tao
[119] proposed an implicit function G(x) based on these two form-changed
formulae to rescale �gure 3.1 as follows:
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f Re = G
(
Re3/4 +CsReςες/3

)
(3.3)

where ε = 2 and Cs = 3×10−5 are adjustable parameters computed by Tao
based on the degree of discreteness [119] of the data. G(x) is an implicit func-
tion with certain characteristics that conform to the boundary conditions.
This function is discussed in the following section.

3.2 Interpolation Method

3.2.1 Model Modification

Recently, Gioia et al. [41] modi�ed Strickler’s formula and revised the re-
lationship into f ~ ε

α , where α = 1/3 + η/2, and η = 0.02 was calculated
by Mehrafarin and Pourtolamiilarly in a phenomenon argument [81] by
modifying the �nding of Goldenfeld [42]. Thus, Strickler’s formula can be
modi�ed into f Re ∼εαRe. When the revision proposed by Gioia et al. [41]
is considered, Tao’s formula [119] can be revised into

f Re = G
(
Re3/4 +CsReςεςα

)
(3.4)

We observed the limited condition of equation (3.4) and found that when
Re was relatively small, as hinted by Tao [119], Cs was used to ensure
CsReςεςα → 0; hence, equation (3.4) became f Re = G

(
Re3/4

)
. Conse-

quently, the requirements f Re ~ Re3/4 for Blasius’ formula and f Re ~
(Re)0 for laminar �ow can be ful�lled, which is consistent with the lam-
inar regime. When Re is extremely large, 3.4 can be written as f Re ∼
G

[
Reς

(
Re3/4−ς +Csε

ςα
) ]

. In this case, ς > 3/4 is required to guarantee
Re3/4−ς → 0 or f Re ∼ G [ReςCsε

ςα ]; thus, to maintain 3.4coordination with
the revised Strickler’s formula, onlyG (ReςCsε

ςα ) ∼ (ReςCsε
ςα )

1/ς is required.
Now, we apply 3.4 to the turbulent regime, i.e., 3.4, along with Nikuradze’s

turbulence data, as shown in �gure 3.3. In this regime, Cs = 1×10−8 and ε =
3 are obtained based on the least squares procedure.
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Figure 3.3: Data of Nikuradze’s experiment rescaled using 3.4.

3.2.2 Explicit Formula

In �gure 3.3, the experimental points generally converge onto a monotonous
curve that simpli�es Nikuradze’s chart. This curve provides further insight
into the dependence of f on Re and ε. Moreover, if this curve is extended at
both ends, then its two sides asymptote to two straight lines. That is, when
the limit Re is regarded as zero, the parameter Cs Re3

ε
3α tends to be zero rel-

ative to Re3/4. In this case, we have lim
Re→0

CSRe3ε3α/Re3/4 = CSε
3α lim

Re→0
Re9/4 =

0. Thus, 3.4 is reduced to f Re = G
(
Re3/4

)
. To conform to Blasius’ formula f

~ Re−1/4 [9], or equivalently, f Re ~ Re3/4, G(x) should be a linear function.
That is, 3.4 should asymptote into a straight line with a gradient of 1 in a
log–log plot. The expression �tted to the experiment data can be written as

log10 (f Re) = K1 log10 (x) +C1 (3.5)

where K1 = 1,C1 = −0.5098, and x = Re3/4
+Cs Re3

ε
3α .

We now relate this to 3.4 by obtaining

G
(
Re3/4 +CsRe3ε3α

)
∼ G

[
Re3

(
Re−9/4 +Csε

3α
)]

For large Reynolds numbers, an equation similar to 3.3 must satisfy the
revised Strickler’s formula [115], namely, f ~ ε

α ,or equivalently, f Re ~ ε
α
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Re. Thus, 3.4 should take the form of

G
(
Re3/4 +CsRe3ε3α

)
∼

[
Re3

(
Re−9/4 +Csε

3α
)] 1/3

(in this case, Re−9/4 can be regarded as zero). Therefore, we derive an explicit
expression for the linear asymptote at a large Re (this expression can also
be adopted when turbulence is fully developed):

log10 (f Re) = K2 log10 (x) +C2 (3.6)
where K2 = 1/3 and C2 = −1.825
Given these two tending character of the curves in �gure 3.1, we combine

3.5 and 3.6 to establish

log10 (f Re) = K1 log10 (x) +
K2 − K1

β
log10

[
1 +

(
x

x0

)β ]
+C1 (3.7)

where log10x0 = (C1−C2)/(K2−K1), and β is the transitional shape pa-
rameter �rst used by Guo [47]. The turbulence region lies between two
extended lines; hence, 3.7 is accessible in the turbulence region. The shape
parameter can be determined by using the collocation method suggested by
Gri�ths and Smith [47]. In particular, for x«x0, log10[1+(x/x0)β]→0, then
3.7 is transformed into 3.5; for x»x0, log10[1+(x/x0)β]→β(log10 x−log10 x0),
then 3.7 is transformed into 3.6.

After validating 3.7 with speci�c data [45], we obtain an integrated ex-
pression for the friction factor that covers an extensive range of turbulence
region as follows:

f =
x

3.24Re
[
1 + (x/3178)8/5

] 5/12 (3.8)

which is plotted in �gure 3.4, where β = 8/5.

3.2.3 Comparison with Nikuradze’s Formulae
In deriving 3.8, f Re (the product of the friction factor and the Reynolds
number) can be regarded as a single parameter to establish an improved
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Figure 3.4: Comparison of the curves obtained from Tao’s model for various
ε values with 3.6.

Average relative errors of the friction factor (%)
Investigator Nikuradze Present theory

Equation 3.9,3.10 3.8
Entire turbulence region None 5.4

Smooth zone 30.8 3.2
Rough zone 20.1 4.3

Table 3.1: Prediction Errors for Di�erent Formulae.

mathematical law. Hence, the relationship among f, Re, and ε becomes a
relationship among f Re, Re3/4, and Re3

ε
3α ; such a relationship provides

an easier representation of the data to be studied (compare �gure 3.1 with
�gure 3.4). Therefore, when comparing the results of the present study with
those from the original data or the previous formulae, we adopt f Re to
replace the single f, thereby verifying the accuracy of our analysis in a clear
and convenient manner.

First, the values of f Re that are calculated using 3.8 are compared with
those obtained from the experimental data of Nikuradze for the entire tur-
bulence region. The result presented in �gure 3.5 and table 3.1 shows that
3.8 exhibits a strong linearity for the entire turbulent regime.

Moreover, Nikuradze’s formulae for the smooth zone and the rough zone
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Figure 3.5: Comparison between the results of the present study and the
experimental data for the entire turbulence regime.
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are compared with the data from his experiments (�gure 3.6). Nikuradze’s
formulae are [125],

1√
f
= 2 lg

(
Re

√
f
)
− 0.8 (3.9)

for
√

f/8Reε < 5, i.e., in the hydraulically smooth turbulence zone, and

f =
1

[2 lg (3.71/ε)]2
(3.10)

for
√

f/8Reε > 70, i.e., in the hydraulically rough turbulence zone.
Finally, the values of f Re predicted using 3.8 are also validated against

the experimental data of Nikuradze for both smooth and rough zones (�g-
ure 3.7).

Meanwhile, the relative errors computed as |measured−predicted |/|measured | in
the aforementioned �gures (Figs �gure 3.5, �gure 3.6 and �gure 3.7) are
listed in table 3.1. This table shows that the f value from 3.8, which has an
error of 5.4%, is applicable in calculating or predicting the friction factor for
di�erent turbulent pipe �ows. We suggest that 3.8 is a useful and reliable
method for hydraulic research and applications. The result shows that the
relative error obtained from Nikuradze’s 3.9 for the hydraulically smooth
turbulence region is 30.8%, which is nearly 10 times higher than that ob-
tained from 3.8. The relative error of Nikuradze’s 3.10 is 20.1%, which is
thrice higher than that obtained from 3.8. Therefore, the prediction of the
present study for the friction factor f (or f Re) is signi�cantly more reliable
than that of Nikuradze’s formulae for the two boundary zones. Moreover,
unlike 3.8, Nikuradze did not provide a formula for the transition zone. A
single formula that covers all the three zones is clearly more convenient for
calculations. Furthermore, Nikuradze’s 3.9 is an implicit expression for f,
whereas 3.8 is explicit.

3.3 Discussion
In the past, the calculation and analysis of the friction factor f has been a
consistent concern among hydraulic researchers because of the signi�cance
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Figure 3.6: Comparison between Nikuradze’s formulae and the experimen-
tal data for the smooth and rough turbulence zones.
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Figure 3.7: Comparison between the present study and the experimental
data for the smooth and rough turbulence zones.
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of this factor in understanding pipe �ow and sediment transport. Accord-
ingly, several formulae (Colebrook [27]; Brownlie [13]; Cheng and Chiew
[20]; Ligrani and Mo�at

[71]; Yalin and daSilva [108]) have been proposed in the literature to esti-
mate the friction factor; however, they must be computed separately under
laminar, fully smooth, and rough turbulent �ow conditions. Compared with
these formulae, the proposed formula can scale the entire turbulent regimes,
and thus, is de�nitely more practical to use. To the best of our knowledge,
no single formula that can explicitly calculate the friction factor in various
�ow regimes has yet been established, except for the combination approach
of Cheng [19]. In his study, the friction factor was assumed to have the
function form of f = f ∂L f 1−∂T , where f L is a friction factor for laminar �ow,
f T is that for turbulent �ow, and ∂ is the weighing factor. However, the
present formula is based on the combination of a new parameter, i.e., f Re, in
which we do not have to consider the �ow regimes. Therefore,the proposed
formula is entirely di�erent from Cheng’s formulae.

Motivated by the idea of deriving a single monotonic function, we devel-
oped an explicit expression for the friction factor of pipe �ow that covered
the entire Re range by interpolating the two asymptotic expressions into
a single monotonic function through the rescaling the experimental data
of Nikuradze. The comparisons between the curves of the data suggest
that the predictions obtained using our formula are accurate and reliable,
including those that correspond to the transition zone of the original Niku-
radze chart. In this study, we have noted and veri�ed that parameter f

Re should be regarded as a relevant parameter by checking it against the
boundary conditions for Re and ε. A revised rescaled function (Tao [119])
is then possible. This method is proven to be highly helpful in explicitly
uncovering the dependence of the friction factor. In hydraulics, the results
provided by Nikuradse’s experiments have served as the basis of research
on friction resistance. The concepts of a hydraulically smooth zone, a hy-
draulic transitional zone, and a hydraulically rough zone have been used
for nearly a century to study the friction factor given the lack of knowledge
on the united relationship among the three zones. Thus, this study is the
�rst to unite these three zones and to provide a united formula that can
scale the entire turbulence regime. The convenience brought by uniting the
empirical equations does not only considerably aid in the computation of
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hydraulic parameters, such as frictional head loss, but also further enhances
the understanding of �ow resistance.

3.4 Supporting Information
s1 File. Nikuradse’s original paper. (pdf) [69]

s2 File Nikuradse’s original experimental data. (xls) [69]
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4 Synthesis of Triamino Acid
Building Blocks with Different
Lipophilicities
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To obtain di�erent amino acids with varying lipophilicity and that can

carry up to three positive charges we have developed a number of new
triamino acid building blocks. One set of building blocks was achieved by
aminoethyl extension, via reductive amination, of the side chain of ort-
nithine, diaminopropanoic and diaminobutanoic acid. A second set of tri-
amino acids with the aminoethyl extension having hydrocarbon side chains
was synthesized from diaminobutanoic acid. The aldehydes needed for the
extension by reductive amination were synthesized from the correspond-
ing Fmoc-L-2-amino fatty acids in two steps. Reductive amination of these
compounds with Boc-L-Dab-OH gave the C4-C8 alkyl-branched triamino
acids. All triamino acids were subsequently Boc-protected at the formed
secondary amine to make the monomers appropriate for the N-terminus
position when performing Fmoc-based solid-phase peptide synthesis.

4.1 Introduction
Lipophilicity has immense importance for pharmacological properties. Drug
molecules are required to have lipophilic properties to accomplish a de-

http://dx.doi.org/10.1371/journal.pone.0124046
http://dx.doi.org/10.1371/journal.pone.0124046
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sired pharmacokinetic pro�le [72]. Oligonucleotides and peptides having
inadequate a�nity with the lipid bilayer of plasma membranes are con-
jugated with lipophilic parts to enhance their cellular uptake [73]. An-
tisense oligonucleotides were conjugated to cholesterol and bile acids to
enhance lipophilicity and to improve liver speci�c drug targeting and hepa-
tocellular uptake e�ciency [67]. Arginine-based double-tailed lipid-peptide
conjugates with a positive charge were synthesized as a potent nucleic acid
transporter [70]. Cationic lipid-mediated nucleic acids delivery has emerged
as a positive move towards delivering genes into mammalian cells. Various
cationic liposomes have been used for gene delivery to mammalian cells
in vitro and in vivo [8]. Arginine-rich peptide sequence with peptide am-
phiphiles at its N-terminus had shown spontaneous assembly formation of
various nanostructures in aqueous solution. Micelles of these peptides were
loaded with the anti-tumor drug doxorubicin and delivery of the drug into
HeLa cells was observed [133]. Addition of a lipid tail at the N-terminus of
the antimicrobial peptide tridecaptin A1 was found to enhance the biologi-
cal activity. Some simpler analogues were also found to show antimicrobial
activity against Gram-negative bacteria [26]. Di- or tri-peptide analogues,
when lipidated with a C12-18 lipid at the C-terminus of the peptides, exhibited
enhanced antimicrobial activity compared to their basic di- or tri-peptides
[138].

Lysine is one of the naturally occurring amino acids that have an aliphatic
side chain with a primary amine functionality at the terminus. Besides the
high level of safe supplemental intake of L-lysine [36], it has been used
therapeutically to restrain herpes simplex [44] and found to be e�ective in
the treatment of stress-related intestinal disorders [114]. A triamino acid,
4-L-azalysine and its analogues have been found to retain engaging phar-
macological properties. It showed inhibitory activity towards the growth
of E. Coli. 9723 and a broad range of lactic acid bacteria [80]. It has been
found to be e�cient as a metabolic inhibitor of arylesterase [77]. Triamino
acids at the N-terminus part of peptoid ligands targeting the α-helical con-
formation of the amyloid-β peptide (Aβ) related to Alzheimers disease have
also been shown to improve their antineurotoxicity [53]. The biological sig-
ni�cance and potential medicinal importance of triamino acids and amino
acids/peptides with hydrocarbon tails encouraged us to extend the arsenal
of amino acids with such functionalities by synthesis of some new triamino
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COOH

NHP1 N

P2 NHP3 ( )
n

n = 1, 2, 3 COOH

NHP1
N

P2

NHP3
( )

n

Figure 4.1: Schematic structures of the triamino acid building blocks. (P1-P3
= protecting groups).

acid building blocks with as well as without a hydrocarbon branching.
We here describe the strategy for synthesis of two sets of triamino acids.

One set is varied with respect to distance between the alpha-carbon and
the secondary amine of the side chain and the other set of compounds
have aliphatic hydrocarbon tails of di�erent length adjacent to the termi-
nus amino functionality of the side chain (�gure 4.1). When these amino
acid monomers are incorporated at the N-terminus of any potential pep-
tides/peptoids, the amino groups will be partially/fully protonated depend-
ing on pH of the solution and the pKa value of the respective amines,
and together with the hydrocarbon chain of the branched derivatives this
creates a cationic/hydrophobic microenvironment at the N-terminus of
the peptide/peptoid. In addition to this, the hydrocarbon chain of the
branched derivatives introduces additional lipophilic character, creating
a cationic environment along with lipophilicity at the N-terminus of the
peptides/peptoids. Protecting groups of these triamino acids have been ma-
nipulated in such a way that the �nal monomers would be suitable for their
incorporation at the N-terminus end of a peptide/peptoid sequence by the
Fmoc-strategy through solid-phase peptide synthesis, while still enabling
further functionalization of the side chain.

4.2 Results and Discussion

We chalked out synthetic schemes for the target molecules largely from
commercially available, stereochemically pure and suitably protected start-
ing materials. We found that reductive amination reaction between N

α-
Fmoc-protected amino aldehydes and side chain primary amine of the N

α-
Boc-protected diamino carboxylic acids would provide us the basic struc-
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tural moiety of the target molecules. Originating the functionality of the
aldehydes to carboxylic acids gave us a plan to start the synthetic path-
way from the corresponding stereochemically pure N -protected N

α-amino-
carboxylic acids.

The synthetic route chosen is based on that we wished to protect the
terminus N7 amine position with a 9-�uorenylmethyloxycarbonyl (Fmoc)
group, for possible further extension at this position. Accordingly we
wanted the other primary and secondary amino functionalities N2 and N5
respectively, to be protected with a tert-butyloxycarbonyl (Boc) group so
that these can be simultaneously removed upon �nal deprotection when
performing Fmoc-based solid-phase synthesis. For incorporation into a
peptide chain the Boc-protected aldehyde and an N2-Fmoc protection could
instead be used. Conversion of Fmoc-protected amino acids into their cor-
responding Fmoc-protected amino aldehydes has been accomplished by
two major approaches. One is through reduction of the acids into alcohols,
followed by oxidation and a second is by the synthesis of Weinreb amides,
followed by reduction [6, 64, 65, 76, 127, 128]. Another noticeable approach
is via synthesis of amino esters, where acids were converted into their
corresponding ethyl esters by treatment with ethanol and sulphuric acid,
followed by reduction with diisobutylaluminium hydride (dibal) under
inert condition [10]. Synthetic procedures for the synthesis of these types
of chiral aldehyde building blocks are also available in literature [35].

Our strategy for the synthesis of amino aldehydes was through the syn-
thesis of thioesters of the available amino acids [31, 39, 52], followed by
reduction at neutral condition. We commenced our synthetic pathway with
commercially available chiral (S)-N -Fmoc-2-amino-2-alkylacetic acids (1,
2 and 3; �gure 4.2). The synthetic route was chosen so that the chiral-
ity of these molecules would be intact. Ethyl thioesters were readily de-
rived from the corresponding carboxylic acids using 1.1 equiv. of N,N’-
dicyclohexylcarbodiimide (dcc) in dichloromethane at room temperature
[86]. Use of 3–10 mol% of 4-(N,N -dimethylamino)pyridine (dmap) for this
type of esteri�cation reaction has been suggested to accelerate the rate of
the reaction between carboxylic acids and thiols, and also to suppress side
product formation [86]. The desired products were obtained in good yields
when we performed these reactions at room temperature using 0.25 equiv.
of dmap. Reactions were smooth and complete conversion occurred in two
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HO

O

NHFmoc

1, 2, 3

( )
n (i) EtS

O

NHFmoc

4, 5, 6

( )
n (ii) H

O

NHFmoc

7, 8, 9

( )
n

1, 4, 7; n = 1
2, 5, 8; n = 2
3, 6, 9; n = 3

Figure 4.2: Synthesis of alkyl branched amino aldehydes. (i) EtSH, dcc,
dmap, dichloromethane at rt, 2 h (ii) Triethylsilane, 10% Pd/C,
acetone at rt, 2 h.

hours. A facile work up procedure followed by puri�cation gave us the
corresponding N -Fmoc-2-amino-ethyl thioesters 4, 5 and 6 respectively.
10.1371/journal.pone.0124046.g002 Fig 2

α-Amino aldehydes are widely used chiral synthons in organic chemistry
but they have a tendency to racemize under acidic or basic conditions and
also during chromatographic puri�cation over silica gel. This directed us
towards milder conditions for the reduction reaction with a simple work up
procedure. We dissolved the ethanethiol esters in acetone at room temper-
ature and treated them with triethylsilane in presence of catalytic 10% Pd/C
to convert the thioester functionality into an aldehyde [122]. The reactions
were allowed to proceed for two hours. A simple work up protocol and
puri�cation of the crude reaction mixture by column chromatography gave
the N -Fmoc-2-amino-aldehydes 7, 8 and 9 respectively (�gure 4.2).

After synthesis of the chiral aldehydes our next task was to attempt the
key step of our synthetic pathway, i.e. the reductive amination reaction of
these chiral aldehydes with a chiral diamino carboxylic acid. Reductive ami-
nation reaction is a multipurpose and convenient method for the preparation
of amines in organic synthesis [123]. A variety of organocatalysts, com-
plexes of transition metals or boron, tin and silicon reagents are available for
this reaction. We selected sodium cyanoborohydride (NaBH3CN) as a suit-
able reagent due to its earlier applications for reductive alkylation reaction
in amino acid chemistry and/ or peptide chemistry [12, 30, 46, 78, 120]. N 2-
Boc-2,4-diamino-butanoic acid (10) was subjected to a reductive amination
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BocHN

COOH

NH2

10

7, 8, 9
(i)

BocHN

COOH

N

H NHFmoc

11, 12, 13

( )
n (ii)

BocHN

COOH

N

Boc NHFmoc

14, 15, 16

( )
n

11, 14; n = 1
12, 15; n = 2
13, 16; n = 3

Figure 4.3: Synthesis of triamino acid building blocks with varied lipophilic
tails. (i) NaBH3CN, 1% AcOH in methanol, rt, 18 h (ii) (Boc)2O,
water:dioxane (v/v, 1:1), 10% aq. soln. of Na2CO3, rt, 18 h.

reaction with aldehyde 7 at room temperature in a solvent mixture of acetic
acid/ methanol (1:99, v/v) where NaBH3CN was used as the catalyst for the
reaction (�gure 4.3). The reaction mixture was stirred for 18 h at room tem-
perature for the production of the desired compound (with retained chirality
at the C-2 and C-7 centre). The progress of the reaction was monitored with
tlc and, after a work up process, the crude reaction mixture was puri�ed
by silica gel column chromatography to give compound 11 in good yield.
The triamino acid was then further protected with Boc at the secondary
amine by treatment with Boc-anhydride in a solvent mixture of water and
dioxane (1:1, v/v), containing 10% Na2CO3 aqueous solution. This reaction
a�orded the �nal product (2S,2’S)-N 2,N 4-bis(tert-butoxycarbonyl)-N 4-[N 2’-
(9-�uorenylmethyloxycarbonyl)-2’-aminohexyl]-2,4-diaminobutanoic acid
(14).

Similar procedures were used for synthesis of triamino acids branched
with longer (C6 and C8) alkyl chains. The diamino acid 10 was treated with
the chiral aldehydes 8 and 9 in presence of NaBH3CN to produce the tri-
amino carboxylic acids 12 and 13, respectively. Subsequent Boc protection
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gave the monomers 15 and 16, respectively (�gure 4.3).
Three di�erent strategies for the synthesis of 4-L-azalysine have been de-

scribed. The �rst strategy involved L-serine as the starting material which
was converted into methyl (S)-oxazolidine-4-carboxylate in three steps. In
next �ve steps, it was converted into the end product via Garner’s aldehyde.
A second strategy involved the use of L-asparagine that was converted
into N -protected 2,3-diaminopropionic ester, followed by reductive amina-
tion withN -Boc-2-aminoacetaldehyde. Strategic manipulation of protecting
groups produced the �nal desired product in another four steps [22, 23].
The third strategy was a solid-phase dependent procedure to synthesize
di- or polycationic amino acid building blocks. In this protocol, protected
aziridine-2-methanol was loaded onto a trityl bromide resin, followed by
ring opening with a variety of primary amines. After detachment of the
product from solid support, the primary alcohol was converted into a car-
boxylic acid [24]. For synthesis of the triamino acids with di�erent distances
between the alpha-carbon and the secondary amine of the side chain we
opted for a short route starting with the respective amino acids, ortnithine,
diaminopropanoic and diaminobutanoic acid. We have reported on syn-
thesis of a couple of these triamino acids but with a di�erent choice of
protection scheme [53, 75]. As with the branched derivative we wished to
have building blocks for termination of a peptide/peptoid with possibility
for extension on the side chain and therefore an Fmoc-protection on the
side chain amino group and the N 2-Boc protection was used on the diamino
acid.

The synthetic pathway is similar to that for the compounds with aliphatic
branching except thatN -Fmoc-glycinal (19) was used instead of the branched
aminoaldehydes. The N -Fmoc-glycinal was synthesized from of the inex-
pensive starting material 3-aminopropane-1,2-diol (17) which was Fmoc
protected to form 18 and then oxidatively cleaved with periodate to give 19
(�gure 4.4) [79].

Reductive amination reaction with compound 19 and the respective
N

α-Boc-diamino acids 10, 20, 21 in acetic acid/methanol (1:99, v/v) us-
ing NaBH3CN at room temperature resulted in the triamino acid deriva-
tives 22–24. After work up and puri�cation by column chromatography
Boc protection on the secondary amine was achieved by treatment with
(Boc)2O to a�ord the products (S)-N 2,N 3-bis-tert-butoxycarbonyl-N 3-[N -
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HO
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17, R1=H

(i) HO
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18, R1=Fmoc
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COOH
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n
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19
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COOH

N
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22, 23, 24
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(iv)
BocHN
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Boc
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25, 26, 27

( )
n

20, 22, 25; n = 1
20, 23, 26; n = 2
21, 24, 27; n = 3

Figure 4.4: Synthesis of triamino acid building blocks with di�erent dis-
tances between the α-amino group and the secondary amine.
(i) Fmoc-OSu, MeOH/ pyridine, rt, 18 h (ii) NaIO4, THF, rt, 8
h (iii) NaBH3CN, 1% AcOH in methanol, rt, 18 h (iv) (Boc)2O,
water:dioxane (v/v, 1:1), 10% aq. Na2CO3, rt, 18 h.
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(9-�uorenylmethyloxycarbonyl)-2-aminoethyl]-2,3-diaminopropanic acid
(25), (S)-N 2,N 4-bis-tert-butoxycarbonyl-N 4-[N -(9-�uorenylmethyloxycar-
bonyl)-2-aminoethyl]-2,4-diaminobutanoic acid (26) and (S)-N 2,N 5-bis-
tert-butoxycarbonyl-N 5-[N -(9-�uorenylmethyloxycarbonyl)-2-aminoeth-
yl]-2,3-diaminopentanoic acid (27).

4.3 Conclusion
We have revealed a facile synthetic procedure for the preparation of suitably
protected triamino acids in decent to good yields. Thus an extension of the
available arsenal of triamino acids building blocks with varying lipophilic-
ity and that can carry up to three positive charges is provided. Starting
from N -Fmoc-2-alkyl amino acids (1–3) with varied chain length of the
alkyl group, we converted them into the corresponding aminoaldehydes
(7–9) in two steps. These aldehydes were protected and suitable for re-
ductive amination reaction with the protected diamino acid N

α-Boc-L-Dab
(10). The resulting alkyl branched triamino acids were Boc-protected to
obtain the �nal monomers (14–16). In addition another series of triamino
acids with di�erent distances between the alpha-carbon and the secondary
amine of the side chain (25–27) were made by reductive amination with
N -Fmoc-glycinal (19) and a series of Nα-Boc diamino acids (20, 10, 21).
This facile and variable procedure provided novel amino acids with hydro-
carbon branching of the aminoethyl extension and convenient synthesis of
triamino acids with di�erent distances between the alpha-carbon and the
secondary amine. The �nal monomers were suitably protected for their
incorporation at the N-terminus of a peptide/peptoid sequence by Fmoc-
based solid-phase synthesis while enabling further functionalization of the
side chain when still attached to the support.

4.4 Experimental Section
Melting points of the compounds were recorded using Büchi Melting Point
apparatus (b-545) and were uncorrected. Reactions under anhydrous condi-
tions were carried out under a nitrogen atmosphere. Column chromatogra-
phy was performed with silica gel 60 (particle size 0.040–0.063 mm, 230–400
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mesh, Aldrich) and analytical grade solvents. Thin layer chromatography
(tlc) was conducted on glass plates coated with silica gel 60 F254, obtained
from Merck. tlc plates were visualized by uv light (254 or 360 nm) and/or
by staining with I2 by keeping the plates in an iodine chamber. 1h nmr (400
MHz) and 13c nmr (100 MHz) spectra were recorded on a Bruker drx-400
in CDCl3/CD3OD at 25°C. Chemical shifts are reported in ppm relative to
tms (Me4Si as internal standard, δ = 0 ppm) or the deuterated solvent as
the internal standard for 1H and 13c nmr. Coupling constants (J values)
are given in Hz. The following abbreviations are used in connection with
nmr spectra: s = singlet, br s = broad singlet, d = doublet, dd = double dou-
blet, t = triplet, q = quartet and m = multiplet. Structural assignments are
based on dept-135, cosy and hmqc where applicable. hrms (esi-tof) was
recorded on a Micromass lct either in positive ion mode or in negative ion
mode. Speci�c rotation measurements were performed using an Autopol
IV Automatic Polarimeter (Rudolph Research Analytical). rp-hplc analysis
of �nal building blocks is reported in [74]. thf, CH2Cl2, toluene, hexane,
and Et2O were dried by standard procedures and stored over molecular
sieves (4 Å). N -(9-Fluorenylmethyloxycarbonyl)-2-aminoacetaldehyde (19)
[79], (S)-N -(9-�uorenylmethoxycarbonyl)-2-aminohexanal (7) [31] and (S)-
N

2-tert-butoxycarbonyl-N 5-[N -(9-�uorenylmethyloxycarbonyl)-2-amino-
ethyl]-2,5-diaminopentanoic acid (24) [79] were synthesized as reported
(see [74]). All other solvents and chemicals were of reagent grade and used
without further puri�cation. 2-Alkyl amino acids 1, 2 and 3 were purchased
from Watanabe Chemical Industries, Ltd., Japan and Boc-protected amino
acids 10, 20 and 21 were purchased from iris Biotech, Germany. Other
reagents were obtained from common commercial sources and used as
received.

4.4.1 General procedure for synthesis of ethylthio esters (4,
5 and 6)

To a solution of Fmoc-amino acids (1–3, 1.3 mmol) in anhydrous dichlo-
romethane (DCM, 20 mL) at rt, ethanethiol (5 mmol) was added dropwise,
followed by addition of solid dcc (1.6 mmol) and (dmap, 0.25 mmol) under
inert atmosphere. The reaction mixture was stirred for 2 h at rt. Progress
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of the reaction was monitored by tlc. Upon complete conversion of the
starting material into product, water (20 mL) was added into the reaction
mixture and the layers were separated. The organic layer was collected
and washed with brine (2 x 10 mL), dried over Na2SO4 and concentrated to
dryness under reduced pressure to get the crude materials. Pure products
(4–6) were obtained by eluting the crude through a short column of silica
gel.

(S)-S-Ethyl N-(9-fluorenylmethoxycarbonyl)-2-aminohexanthioate (4)

Compound 4 was puri�ed by �ash column chromatography using 0 to 25%
ethyl acetate (EtOAc) in hexane as eluent to a�ord a white amorphous solid
(0.36 g, 71%); m.p. 116–117°C. Rf = 0.54 (EtOAc/hexane, 1:5, v/v). 1h nmr
(400 MHz, CDCl3): δ = 7.69 (d, J = 7.6 Hz, 2 H, Ar-H), 7.54 (t, J = 7.2 Hz,
2 H, Ar-H), 7.33 (t, J = 7.6 Hz, 2 H, Ar-H), 7.24 (t, J = 7.6 Hz, 2 H, Ar-H),
5.13 (d, J = 8.0 Hz, 1 H, NH), 4.44–4.40 (m, 1 H, NCOOCH 2aCH), 4.36–4.30
(m, 2 H, NCOOCH 2bCH, 2-CH), 4.17 (t, J = 6.8 Hz, 1 H, NCOOCH2CH ),
2.81 (q, J = 7.2 Hz, 2 H, COSCH 2CH3), 1.85–1.80 (m, 1 H, 3-CH2a), 1.57–1.51
(m, 1 H, 3-CH2b), 1.30–1.23 (m, 4 H, 4-CH2, 5-CH2), 1.18 (t, J = 7.2 Hz,
3 H, COSCH2CH 3), 0.83 (t, J = 6.8 Hz, 3 H, 6-CH3) ppm. 13c nmr (100
MHz, CDCl3): δ = 201.1 (COS), 156.0 (NCOO), 144.1, 143.9, 141.5 (C-Ar),
127.9, 127.2, 125.2, 120.1 (CH-Ar), 67.2 (NCOOCH2CH), 61.1 (C-2), 47.4
(NCOOCH2CH), 32.8 (C-3), 27.5 (C-4), 23.4 (SCH2CH3), 22.4 (C-5), 14.6
(SCH2CH3), 14.0 (C-6) ppm. MS-ESI (m/z): calcd. for C23H28NO3S [M+H]+

398.1784; found 398.1779.

(S)-S-Ethyl N-(9-fluorenylmethoxycarbonyl)-2-aminooctanthioate (5)

Compound 5 was puri�ed by �ash column chromatography using 0 to 25%
EtOAc in hexane as eluent to a�ord a white amorphous solid (0.33 g; 86%);
m.p. 96–99°C. Rf = 0.56 (EtOAc/hexane, 1:5, v/v). 1h nmr (400 MHz, CDCl3):
δ = 7.70 (d, J = 7.6 Hz, 2 H, Ar-H), 7.55 (t, J = 7.2 Hz, 2 H, Ar-H), 7.33
(t, J = 7.6 Hz, 2 H, Ar-H), 7.25 (t, J = 7.6 Hz, 2 H, Ar-H), 5.11 (d, J =
8.4 Hz, 1 H, NH), 4.44–4.40 (m, 1 H, NCOOCH 2aCH), 4.36–4.30 (m, 2 H,
NCOOCH 2bCH, 2-CH), 4.17 (t, J = 6.8 Hz, 1 H, NCOOCH2CH ), 2.82 (q, J =
7.2 Hz, 2 H, COSCH 2CH3), 1.84–1.78 (m, 1 H, 3-CH2a), 1.57–1.49 (m, 1 H, 3-
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CH2b), 1.26–1.16 (m, 11 H, 4-CH2, 5-CH2, 6-CH2, 7-CH2, COSCH2CH 3), 0.81
(t, J = 6.8 Hz, 3 H, 8-CH3) ppm. 13c nmr (100 MHz, CDCl3): δ = 201.1 (COS),
156.0 (NCOO), 144.1, 143.9, 141.5 (C-Ar), 127.9, 127.2, 125.2, 120.1 (CH-Ar),
67.2 (NCOOCH2CH), 61.1 (C-2), 47.4 (NCOOCH2CH), 33.1 (C-3), 31.7 (C-
4), 29.0 (C-5), 25.3 (C-6), 23.4 (SCH2CH3), 22.7 (C-7), 14.7 (SCH2CH3), 14.2
(C-8) ppm. MS-ESI (m/z): calcd. for C25H32NO3S [M+H]+ 426.2103; found
426.2101.

(S)-S-Ethyl N-(9-fluorenylmethoxycarbonyl)-2-aminodecan-thioate (6)

Compound 6 was puri�ed by �ash column chromatography using 0 to
20% EtOAc in hexane as eluent to a�ord a white amorphous solid (0.39
g; 87%); m.p. 92–93°C. Rf = 0.59 (EtOAc/hexane, 1:5, v/v). 1h nmr (400
MHz, CDCl3): δ = 7.69 (d, J = 7.6 Hz, 2 H, Ar-H), 7.54 (t, J = 7.2 Hz, 2 H,
Ar-H), 7.33 (t, J = 7.6 Hz, 2 H, Ar-H), 7.24 (t, J = 7.6 Hz, 2 H, Ar-H), 5.13
(d, J = 8.4 Hz, 1 H, NH), 4.44–4.39 (m, 1 H, NCOOCH 2aCH), 4.36–4.30 (m,
2 H, NCOOCH 2bCH, 2-CH), 4.17 (t, J = 6.8 Hz, 1 H, NCOOCH2CH ), 2.81
(q, J = 7.2 Hz, 2 H, COSCH 2CH3), 1.84–1.77 (m, 1 H, 3-CH2a), 1.56–1.50
(m, 1 H, 3-CH2b), 1.26–1.16 (m, 15 H, 4-CH2, 5-CH2, 6-CH2, 7-CH2, 8-CH2,
9-CH2, COSCH2CH 3), 0.80 (t, J = 6.8 Hz, 3 H, 10-CH3) ppm. 13c nmr (100
MHz, CDCl3): δ = 201.1 (COS), 155.9 (NCOO), 144.0, 143.9, 141.5 (C-Ar),
127.9, 127.2, 125.2, 120.1 (CH-Ar), 67.2 (NCOOCH2CH), 61.1 (C-2), 47.4
(NCOOCH2CH), 33.1 (C-3), 32.0 (C-4), 29.5, 29.3, 25.4 (C-5, C-6, C-7, C-
8), 23.4 (SCH2CH3), 22.8 (C-9), 14.6 (C-10), 14.2 (SCH2CH3) ppm. MS-ESI
(m/z): calcd. for C27H36NO3S [M+H]+ 454.2416; found 454.2413.

4.4.2 General procedure for synthesis of aliphatic amino
aldehydes (7, 8 and 9)

Ethylthio esters (4–6, 0.35 mmol) were dissolved in dry acetone (6 mL)
under inert atmosphere. 10% Pd/C was added to the solution followed by
addition of triethylsilane (0.56 mmol) whereupon the mixture was stirred
at rt. Progress of the reaction was monitored by tlc. After 2 h, the reaction
was stopped by passing it through a short pad of celite and washed with
acetone (3 x 6 mL). The combined organic layers was evaporated to dryness
under reduced pressure and dissolved in ethylacetate (15 mL). After wash-
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ing the organic layer with brine (2 x 8 mL) it was dried over Na2SO4 and
concentrated under reduced pressure to get the crude products. Subsequent
puri�cation by silica gel column chromatography yielded compounds 7–9.

(S)-N-(9-Fluorenylmethoxycarbonyl)-2-aminooctanal (8)

Compound 8 was puri�ed by �ash column chromatography using 0 to 60%
EtOAc in hexane as eluent to a�ord a white amorphous solid (0.26 g; 92%);
m.p. 75–76°C. Rf = 0.28 (EtOAc/hexane, 1:5, v/v). 1h nmr (400 MHz, CDCl3):
δ = 9.59 (s, 1 H, CHO), 7.77 (d, J = 7.6 Hz, 2 H, Ar-H), 7.60 (d, J = 7.2 Hz, 2 H,
Ar-H), 7.40 (t, J = 7.2 Hz, 2 H, Ar-H), 7.32 (t, J = 7.6 Hz, 2 H, Ar-H), 5.30 (d,
J = 6.4 Hz, 1 H, NH), 4.43 (d, J = 6.8 Hz, 2 H, NCOOCH 2CH), 4.34–4.29 (m,
1 H, 2-CH), 1.94–1.89 (m, 1 H, NCOOCH2CH ), 1.66–1.58 (m, 1 H, 3-CH2a),
1.33–1.26 (m, 9 H, 3-CH2b, 4-CH2, 5-CH2, 6-CH2, 7-CH2), 0.87 (t, J = 7.2 Hz, 3
H, 8-CH3) ppm. 13c nmr (100 MHz, CDCl3): δ = 199.3 (CHO), 156.3 (NCOO),
143.8, 141.4 (C-Ar), 127.7, 127.1, 125.0, 120.0 (CH-Ar), 67.0 (NCOOCH2CH),
60.3 (C-2), 47.2 (NCOOCH2CH), 31.5 (C-3), 29.2 (C-4), 29.0 (C-5), 25.0 (C-6),
22.5 (C-7), 14.0 (C-8) ppm. MS-ESI (m/z): calcd. for C23H28NO3 [M+H]+

366.2064; found 366.2069.

(S)-N-(9-Fluorenylmethoxycarbonyl)-2-aminodecanal (9)

Compound 9 was puri�ed by �ash column chromatography using 0 to 80%
EtOAc in hexane as eluent to a�ord a white amorphous solid (0.36 g; 84%);
m.p. 69–70°C. Rf = 0.35 (EtOAc/hexane, 1:5, v/v). 1h nmr (400 MHz, CDCl3):
δ = 9.58 (s, 1 H, CHO), 7.77 (d, J = 7.6 Hz, 2 H, Ar-H), 7.60 (d, J = 7.6 Hz, 2
H, Ar-H), 7.40 (t, J = 7.6 Hz, 2 H, Ar-H), 7.32 (t, J = 7.6 Hz, 2 H, Ar-H), 5.31
(d, J = 6.8 Hz, 1 H, NH), 4.43 (d, J = 6.8 Hz, 2 H, NCOOCH 2CH), 4.34–4.29
(m, 1 H, 2-CH), 4.23 (t, J = 6.8 Hz, 1 H, NCOOCH2CH ), 1.93–1.89 (m, 1 H,
3-CH2a), 1.65–1.58 (m, 1 H, 3-CH2b), 1.33–1.26 (m, 12 H, 4-CH2, 5-CH2, 6-
CH2, 7-CH2, 8-CH2, 9-CH2), 0.88 (t, J = 7.2 Hz, 3 H, 10-CH3) ppm. 13c nmr
(100 MHz, CDCl3): δ = 199.3 (CHO), 156.0 (NCOO), 143.8, 143.7, 141.3 (C-
Ar), 127.7, 127.1, 125.0, 120.0 (CH-Ar), 67.0 (NCOOCH2CH), 60.3 (C-2), 47.2
(NCOOCH2CH), 31.8, 29.3, 29.2, 25.0, 22.6 (C-3, C-4, C-5, C-6, C-7, C-8, C-9),
14.1 (C-10) ppm. MS-ESI (m/z): calcd. for C25H32NO3 [M+H]+ 394.2377;
found 394.2390.
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4.4.3 General procedure for synthesis of triamino acids 11,
12 and 13

Boc-L-Dab-OH (10, 0.5 mmol) was dissolved in 1% acetic acid (AcOH) in
methanol (MeOH, 10 mL) and kept stirring at rt. The respective amino
aldehydes (7–9, 0.46 mmol) were added into the reaction mixture slowly
followed by addition of NaBH3CN (1.14 mmol). The reaction mixture was
stirred at rt for 18 h. The progress of the reaction was monitored by tlc.
On attaining maximum conversion, the reaction mixture was evaporated
to dryness and was dissolved in ethylacetate (20 mL). Organic layer was
washed with water (10 mL) and brine (10 mL x 2), dried over Na2SO4 and
evaporated to dryness under reduced pressure to get crude compounds.
Pure compounds (11–13) were obtained by puri�cation of the crude by
silica gel column chromatography (�gure 4.3).

(2S,2’S)-N2-(tert-Butoxycarbonyl)-N4-[N2’-(9-
fluorenylmethyloxycarbonyl)-2’-aminohexyl]-2,4-diaminobutanoic acid
(11)

Compound 11 was puri�ed by �ash column chromatography using 0
to 15% MeOH in dichloromethane containing 1% AcOH as eluent to af-
ford a white amorphous solid (0.265 g; 50%); m.p. 93–97°C. Rf = 0.34
(MeOH/AcOH/DCM, 7.5:1:91.5, v/v/v) 1h nmr (400 MHz, CDCl3): δ = 7.72
(d, J = 7.2 Hz, 2 H, Ar-H), 7.59 (d, J = 7.2 Hz, 2 H, Ar-H), 7.36 (t, J = 7.2 Hz, 2
H, Ar-H), 7.27 (d, J = 7.6 Hz, 2 H, Ar-H), 5.89 (br s, 1 H, NHCOO), 5.79 (br s,
1 H, NHCOO), 4.40–4.34 (m, 1 H, 2-CH), 4.25–4.17 (m, 2 H, NCOOCH 2CH),
4.02–3.96 (m, 1 H, NCOOCH2CH ), 3.88–3.85 (m, 1 H, 2’-CH), 3.26–3.13
(m, 2 H, 4-CH2) 3.03–2.93 (m, 2 H, 1’-CH2), 2.12–2.01 (m, 3 H, 3-CH2a, 3’-
CH2), 1.75–1.68 (m, 1 H, NH), 1.43–1.32 (m, 14 H, 3-CH2b, 4’-CH2, 5’-CH2,
C(CH3)3), 0.90–0.86 (m, 3 H, 6’-CH3) ppm. 13c nmr (100 MHz, CDCl3): δ
= 177.6 (COOH), 156.7, 155.7 (2 x NCOO), 144.1, 141.3 (C-Ar), 127.7, 127.1,
125.5, 125.4, 120.0 (CH-Ar), 79.7 (C(CH3)3), 67.1 (NCOOCH2CH), 51.4 (C-2),
50.8 (C-1’), 49.6 (C-2’), 48.7 (C-4), 47.3 (NCOOCH2CH), 32.2, 31.7, 31.0 (C-3,
C-3’, C-4’), 28.5 (C(CH3)3), 22.4 (C-5’), 14.1 (C-6’) ppm. MS-ESI (m/z): calcd.
for C30H40N3O6 [M-H]- 538.2923; found 538.2918.
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(2S,2’S)-N2-(tert-Butoxycarbonyl)-N4-[N2’-(9-
fluorenylmethyloxycarbonyl)-2’-aminooctyl]-2,4-diaminobutanoic acid
(12)

Compound 12 It was puri�ed by �ash column chromatography using 0
to 15% MeOH in dichloromethane containing 1% AcOH as eluent to af-
ford a white amorphous solid (0.253 g; 57%); m.p. 72–76°C. Rf = 0.46
(MeOH/AcOH/DCM, 7.5:1:91.5, v/v/v) 1h nmr (400 MHz, CDCl3): δ =
7.73 (d, J = 6.8 Hz, 2 H, Ar-H), 7.60 (t, J = 6.0 Hz, 2 H, Ar-H), 7.36 (t, J
= 6.4 Hz, 2 H, Ar-H), 7.29–7.23 (m, 2 H, Ar-H), 5.89 (br s, 1 H, NHCOO),
5.79 (br s, 1 H, NHCOO), 4.39–4.34 (m, 1 H, 2-CH), 4.22–4.15 (m, 2 H,
NCOOCH 2CH), 4.03–3.86 (m, 2 H, NCOOCH2CH, 2’-CH), 3.29–3.06 (m, 2
H, 4-CH2), 3.00–2.91 (m, 2 H, 1’-CH2), 2.10–1.96 (m, 3 H, 3-CH2, 3’-CH2a),
1.72–1.69 (m, 1 H, NH), 1.38–1.09 (m, 18 H, C(CH3)3, 3’-CH2b, 4’-CH2, 5’-
CH2, 6’-CH2, 7’-CH2), 0.91–0.78 (m, 3 H, 8’-CH3) ppm. 13c nmr (100 MHz,
CDCl3): δ = 177.7 (COOH), 156.7, 155.7 (2 x NCOO), 144.2, 141.4 (C-Ar),
127.7, 127.2, 125.5, 125.4, 120.0 (CH-Ar), 79.7 (C(CH3)3), 67.1 (NCOOCH2CH),
53.6 (C-2), 51.4 (C-1’), 50.7 (C-2’), 48.7 (C-4), 47.2 (NCOOCH2CH), 32.0, 31.0,
29.1 (C-3, C-3’, C-4’), 28.5 (C(CH3)3), 26.3 (C-5’), 26.2 (C-6’), 22.7 (C-7’),
14.2 (C-8’) ppm. HRMS (ESI-TOF): calcd. for C32H44N3O6 [M–H]– 566.3236,
found 566.3226.

(2S,2’S)-N2-(tert-Butyloxycarbonyl)-N4-[N2’-(9-
fluorenylmethyloxycarbonyl)-2’-aminodecyl]-2,4-diaminobutanoic acid
(13)

Compound 13 was puri�ed by �ash column chromatography using 0
to 15% MeOH in dichloromethane containing 1% AcOH as eluent to af-
ford a white amorphous solid (0.325 g; 60%); m.p. 49–53°C. Rf = 0.29
(MeOH/AcOH/DCM, 7.5:1:91.5, v/v/v) 1h nmr (400 MHz, CDCl3): δ = 7.73
(d, J = 7.6 Hz, 2 H, Ar-H), 7.60 (t, J = 6.8 Hz, 2 H, Ar-H), 7.36 (t, J = 7.6
Hz, 2 H, Ar-H), 7.29–7.25 (m, 2 H, Ar-H), 5.90–5.86 (m, 1 H, NHCOO),
4.70–4.80 (m, 1 H, NHCOO), 4.35–4.31 (m, 1 H, 2-CH), 4.27–4.16 (m, 2 H,
NCOOCH 2CH), 4.04–3.86 (m, 2 H, NCOOCH2CH, 2’-CH), 3.27–3.14 (m, 2
H, 4-CH2), 3.02–2.92 (m, 2 H, 1’-CH2), 2.10–2.04 (m, 3 H, 3-CH2, 3’-CH2a),
1.77–1.57 (m, 1 H, 3’-CH2b), 1.38–1.19 (m, 22 H, C(CH3)3, 3’-CH2b, 4’-CH2,
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5’-CH2, 6’-CH2, 7’-CH2, 8’-CH2, 9’-CH2) 0.90–0.86 (m, 3 H, 10’-CH3) ppm.
13c nmr (100 MHz, CDCl3): δ = 177.6 (COOH), 156.7, 156.0 (2 x NCOO),
144.2, 144.1, 141.4 (C-Ar), 127.9, 127.8, 127.2, 125.4, 120.0 (CH-Ar), 79.9
(C(CH3)3), 67.2 (NCOOCH2CH), 54.6 (C-2), 51.5 (C-1’), 49.6 (C-2’), 48.8 (C-
4), 47.3 (NCOOCH2CH), 32.0, 31.0, 30.8, 29.6, 29.4 (C-3, C-3’, C-4’, C-5’, C-6’),
28.5 (C(CH3)3), 26.3 (C-7’), 22.8 (C-8’), 21.0 (C-9’), 14.2 (C-10’) ppm. HRMS
(ESI-TOF): calcd. for C34H48N3O6 [M–H]– 594.3549, found 594.3455.

4.4.4 General procedure for Boc protection (14, 15 and 16)

The respective triamino acids (11–13, 0.22 mmol) were dissolved in a solvent
mixture of water and dioxane (1:1, v/v, 10 mL) and then stirred at 0–5°C using
an ice bath. Solid Na2CO3 (0.45 mmol) was added into the reaction mixture,
followed by addition of Boc anhydride [(Boc)2O, 0.42 mmol]. The ice bath
was removed after 1 hour and the reaction mixture was stirred at rt for
18 h. The progress of the reaction was monitored by tlc. After complete
reaction, the temperature of the reaction mixture was set to 0–5°C and water
(10 mL) was added. 1 M HCl was added into the reaction mixture dropwise
to adjust the pH of the solution (to pH 3). The product was extracted with
ethylacetate (15 mL x 3). The combined ethylacetate layers was washed with
water (10 mL x 2) and brine (10 mL), dried over Na2SO4 and evaporated to
dryness under reduced pressure. The crude compounds were puri�ed by
silica gel column chromatography to a�ord compounds 14–16.

(2S,2’S)-N2,N4-Bis(tert-butoxycarbonyl)-N4-[N2’-(9-
fluorenylmethyloxycarbonyl)-2’-amino-hexyl]-2,4-diaminobutanoic acid
(14)

Compound 14was puri�ed by �ash column chromatography using 0 to 100%
EtOAc in hexane containing 1% AcOH as eluent to a�ord a white amorphous
solid (0.245 g; 88%); m.p. 49–52°C. Rf = 0.47 (EtOAc/AcOH/hexane, 75:1.24,
v/v/v) 1h nmr (400 MHz, CDCl3): δ = 7.75 (d, J = 7.6 Hz, 2 H, Ar-H), 7.57
(d, J = 6.8 Hz, 2 H, Ar-H), 7.38 (t, J = 7.6 Hz, 2 H, Ar-H), 7.29 (t, J = 6.8
Hz, 2 H, Ar-H), 4.50–4.32 (m, 2 H, NCOOCH 2CH), 4.25–4.15 (m, 2 H, 2-
CH, NCOOCH2CH ), 3.73–3.54 (m, 3 H, 2’-CH, 1’-CH2), 3.42–3.38 (m, 1 H,
4-CH2a), 3.32–3.30 (m, 1 H, 4-CH2b), 3.14–2.89 (m, 2 H, 3-CH2), 2.12–2.00
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(m, 2 H, 3’-CH2), 1.44–1.26 (m, 22 H, 2 x C(CH3)3, 4’-CH2, 5’-CH2), 0.92–0.86
(m, 3 H, 6’-CH3) ppm. 13c nmr (100 MHz, CDCl3): δ = 173.8 (COOH), 156.8,
156.7, 156.2 (3 x NCOO), 143.9, 141.3 (C-Ar), 127.7, 127.1, 125.2, 125.0, 120.0
(CH-Ar), 82.1, 81.1, 80.2 (2 x C(CH3)3), 66.9, 66.3, (NCOOCH2CH), 51.2 (C-
2), 50.6 (C-1’), 49.6 (C-2’), 47.3 (NCOOCH2CH), 43.6, 43.1 (C-4), 33.2, 32.9,
32.0, 31.1 (C-3, C-3’), 28.4 (2 x C(CH3)3), 27.9 (C-4’), 22.6 (C-5’), 14.0 (C-6’)
ppm. [α]24

D = –2.0 (c 0.1, MeOH). HRMS (ESI-TOF): calcd. for C35H48N3O8
[M–H]– 638.3447, found 638.3454.

(2S,2’S)-N4-Bis(tert-butoxycarbonyl)-N4-[N2’-(9-
fluorenylmethyloxycarbonyl)-2’-amino-octyl]-N2,2,4-diaminobutanoic
acid (15)

Compound 15 was puri�ed by �ash column chromatography using 0 to
100% EtOAc in hexane containing 1% AcOH as eluent to a�ord a colourless
sticky solid (0.232 g; 88%). Rf = 0.53 (EtOAc/AcOH/hexane, 75:1.24, v/v/v)
1h nmr (400 MHz, CDCl3): δ = 7.75 (d, J = 7.6 Hz, 2 H, Ar-H), 7.58 (d, J = 6.8
Hz, 2 H, Ar-H), 7.38 (t, J = 7.2 Hz, 2 H, Ar-H), 7.29 (t, J = 7.2 Hz, 2 H, Ar-H),
4.50–4.35 (m, 2 H, NCOOCH 2CH), 4.22–4.11 (m, 2 H, 2-CH, NCOOCH2CH ),
3.80–3.62 (m, 3 H, 2’-CH, 1’-CH2), 3.66–3.60 (m, 1 H, 4-CH2a), 3.49–3.44 (m,
1 H, 4-CH2b), 3.22–2.88 (m, 2 H, 3-CH2), 2.09–2.02 (m, 2 H, 3’-CH2), 1.44
(s, 18 H, 2 x C(CH3)3), 1.33–1.24 (m, 8 H, 4’-CH2, 5’-CH2, 6’-CH2, 7’-CH2),
0.92–0.84 (m, 3 H, 8’-CH3) ppm. 13c nmr (100 MHz, CDCl3): δ = 173.7
(COOH), 157.0, 156.24, 156.18, 155.6 (3 x NCOO), 144.1, 141.3 (C-Ar), 127.8,
127.2, 125.3, 125.1, 120.1 (CH-Ar), 82.0, 80.9, 80.8, 80.2 (2 x C(CH3)3), 66.3,
66.1 (NCOOCH2CH), 51.4 (C-2), 50.7 (C-1’), 47.4 (NCOOCH2CH), 44.0, 43.0
(C-2’, C-4), 33.5, 33.2, 31.8, 31.6, 30.5, 29.8, 29.4, 29.3 (C-3, C-3’, C-4’, C-5’,
C-6’), 28.5 (2 x C(CH3)3), 22.7 (C-7’), 14.2 (C-8’) ppm. [α]22

D = –2.6 (c 0.3,
MeOH). HRMS (ESI-TOF): calcd. for C37H52N3O8 [M–H]– 666.3760, found
666.3755.
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(2S,2’S)-N2,N4-Bis(tert-butoxycarbonyl)-N4-[N2’-(9-
fluorenylmethyloxycarbonyl)-2’-amino-decyl]-2,4-diaminobutanoic acid
(16)

Compound 16 was puri�ed by �ash column chromatography using 0 to 90%
MeOH in dichloromethane containing 1% AcOH as eluent to a�ord a white
amorphous solid (0.365 g; 79%); m.p. 44–46°C. Rf = 0.58 (EtOAc/AcOH/hex-
ane, 75:1.24, v/v/v) 1h nmr (400 MHz, CDCl3): δ = 7.75 (d, J = 7.6 Hz, 2 H,
Ar-H), 7.57 (d, J = 6.8 Hz, 2 H, Ar-H), 7.38 (t, J = 7.6 Hz, 2 H, Ar-H), 7.29 (t,
J = 6.8 Hz, 2 H, Ar-H), 4.46–4.38 (m, 2 H, NCOOCH 2CH), 4.19–4.16 (m, 2
H, 2-CH, NCOOCH2CH ), 3.82–3.71 (m, 3 H, 2’-CH, 1’-CH2), 3.60–3.32 (m,
2 H, 4-CH2), 3.22–2.88 (m, 2 H, 3-CH2), 2.10–2.00 (m, 2 H, 3’-CH2), 1.44 (s,
18 H, 2 x C(CH3)3), 1.26 (m, 12 H, 4’-CH2, 5’-CH2, 6’-CH2, 7’-CH2, 8’-CH2,
9’-CH2), 0.87 (t, J = 6.8 Hz, 3 H, 10’-CH3) ppm. 13c nmr (100 MHz, CDCl3):
δ = 174.0 (COOH), 156.8, 156.7, 156.1, 155.7 (3 x NCOO), 144.0, 141.3 (C-Ar),
127.7, 127.1, 125.2, 125.0, 120.0 (CH-Ar), 81.9, 81.0, 80.2 (2 x C(CH3)3), 66.8,
66.1 (NCOOCH2CH), 51.3 (C-2), 50.6, 49.6 (C-1’), 47.4 (NCOOCH2CH), 43.9,
42.9 (C-4, C-2’), 33.4, 31.9, 30.4, 29.5, 29.3 (C-3, C-3’, C-4’, C-5’, C-6’, C-7’,),
28.4 (2 x C(CH3)3), 25.8 (C-8’), 22.7 (C-9’), 14.1 (C-10’) ppm. [α]24

D = –4.0
(c 0.1, MeOH). HRMS (ESI-TOF): calcd. for C39H56N3O8 [M–H]– 694.4073,
found 694.4063.

4.4.5 General procedure for synthesis of triamino acids 22,
23 and 24

The respective N -Boc-L-diamino acids (20, 10, 21, 0.5 mmol) were dissolved
under stirring in anhydrous methanol (10 mL, containing 1% of AcOH). N -
(9-Fluorenylmethoxycarbonyl)glycinal (19, 0.46 mmol) was added to the
reaction mixture under a nitrogen atmosphere, followed by the addition of
sodium cyanoborohydride (1.14 mmol). The reaction mixture was stirred at
room temperature for 18 h and the progress of the reaction was monitored by
tlc. The solvents were evaporated in vacuo, and the residue was dissolved
in ethyl acetate (25 mL). The organic layer was washed with water (15
mL) and brine (2 x 15 mL), dried over Na2SO4, �ltered and concentrated
under reduced pressure. The crude products were puri�ed by eluting them
with a solution of chloroform-methanol through a short silica gel column
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(�gure 4.4) to yield 22–24 respectively.

(S)-N2-tert-Butoxycarbonyl-N3-[N-(9-fluorenylmethyloxycarbonyl)-2-
aminoethyl]-2,3-diaminopropionic acid
(22)

Compound 22 was puri�ed by �ash column chromatography using 0 to 15%
MeOH in dichloromethane containing 1% AcOH as eluent to a�ord a colour-
less sticky solid (0.2 g; 43%). Rf = 0.14 (MeOH/AcOH/DCM, 10:1:89, v/v/v) 1h
nmr (400 MHz, CD3OD): δ = 7.68 (d, J = 7.2 Hz, 2 H, Ar-H), 7.53 (d, J = 7.2 Hz,
2 H, Ar-H), 7.28 (t, J = 7.2 Hz, 2 H, Ar-H), 7.19 (t, J = 7.2 Hz, 2 H, Ar-H), 4.28 (d,
J = 6.8 Hz, 2 H, NCOOCH 2CH), 4.09 (t, J = 6.8 Hz, 1 H, NCOOCH2CH ), 4.03
(t, J = 6.0 Hz, 1 H, 2-CH), 3.35–3.32 (m, 2 H, NCH2CH 2NHFmoc), 3.15–3.14
(m, 2 H, 3-CH2), 3.08–3.05 (m, 2 H, NCH 2CH2NHFmoc), 1.32 (s, 9 H, C(CH3)3)
ppm. 13c nmr (100 MHz, CD3OD): δ = 177.4 (COOH), 159.3, 158.0 (2 x
NCOO), 145.2, 142.6 (C-Ar), 128.8, 128.1, 126.1, 120.9 (CH-Ar), 81.0 (C(CH3)3),
68.1 (NCOOCH2CH), 52.8 (C-2), 51.0 (C-3), 49.1 (NCH2CH2NHFmoc), 48.5
(NCOOCH2CH), 38.6 (NCH2CH2NHFmoc), 28.7 (C(CH3)3) ppm. HRMS (ESI-
TOF): calcd. for C25H30N3O6 [M–H]– 468.2140, found 468.2147.

(S)-N2-tert-Butoxycarbonyl-N4-[N-(9-fluorenylmethyloxycarbonyl)-2-
aminoethyl]-2,4-diaminobutanoic acid
(23)

Compound 23 was puri�ed by �ash column chromatography using 0 to
15% MeOH in dichloromethane containing 1% AcOH as eluent to a�ord
a colourless sticky material (0.2 g; 42%). Rf = 0.20 (MeOH/AcOH/DCM,
10:1:89, v/v/v) 1h nmr (400 MHz, CD3OD): δ = 7.67 (d, J = 7.6 Hz, 2 H,
Ar-H), 7.52 (d, J = 7.6 Hz, 2 H, Ar-H), 7.27 (t, J = 7.6 Hz, 2 H, Ar-H), 7.19
(t, J = 7.6 Hz, 2 H, Ar-H), 4.27 (d, J = 6.8 Hz, 2 H, NCOOCH 2CH), 4.08 (t, J
= 6.8 Hz, 1 H, NCOOCH2CH ), 3.90 (t, J = 6.0 Hz, 1 H, 2-CH), 3.34–3.32 (m,
2 H, NCH2CH 2NHFmoc), 2.98–2.97 (m, 4 H, 3-CH2, NCH 2CH2NHFmoc),
2.06–1.99 (m, 1 H, 4-CH2a), 1.90–1.80 (m, 1 H, 4-CH2b, merged with other
peak), 1.32 (s, 9 H, C(CH3)3) ppm. 13c nmr (100 MHz, CD3OD): δ = 179.9
(COOH), 159.2, 159.0 (2 x NCOO), 145.2, 142.6 (C-Ar), 128.8, 128.1, 126.1,
120.9 (CH-Ar), 80.7 (C(CH3)3), 68.1 (NCOOCH2CH), 54.9 (C-2), 48.9 (C-3),
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48.3 (NCOOCH2CH), 46.5 (C-4), 38.5 (NCH2CH2NHFmoc), 31.2 (NCH2CH2
NHFmoc), 28.7 (C(CH3)3) ppm. HRMS (ESI-TOF): calcd. for C26H32N3O6
[M–H]– 482.2297, found 482.2286.

4.4.6 General procedure for synthesis of final monomers
25, 26 and 27

The respective triamino acids (22–24, 0.22 mmol) were dissolved in a solvent
mixture of 1, 4-dioxane and water (1:1, v/v, 10 mL) under stirring at rt. After
cooling in an ice-water bath solid Na2CO3 (0.45 mmol) was added, followed
by the addition of di-tert-butyl dicarbonate (0.42 mmol). The ice-water
bath was removed after 1 h and the reaction mixture was stirred at room
temperature for 18 h. Progress of the reaction was monitored by tlc and
after complete consumption of starting material, the reaction mixture was
chilled in an ice-water bath, water was added and the pH of the solution
was adjusted to pH 3 by dropwise addition of 1 M HCl. The product was
extracted with ethyl acetate (15 mL x 3). The organic phase was washed
with water (15 mL) and brine (2 x 15 mL), dried over Na2SO4, �ltered and
concentrated to dryness under reduced pressure to get a crude product.
Pure compounds (25–27) were obtained by passing them through column
of silica gel and eluting with solvent gradient of EtOAc in hexane containing
1% acetic acid.

(S)-N2,N3-Bis-tert-butoxycarbonyl-N3-[N-(9-
fluorenylmethyloxycarbonyl)-2-aminoethyl]-2,3-diaminopropionic acid
(25)

Compound 25 was puri�ed by �ash column chromatography using 0 to 90%
EtOAc in hexane containing 1% AcOH as eluent to a�ord a white amorphous
solid (0.084 g; 67%); m.p. 76–80°C. Rf = 0.20 (EtOAc/AcOH/hexane, 80:1:19,
v/v/v) 1h nmr (400 MHz, CDCl3): δ = 7.67 (d, J = 7.2 Hz, 2 H, Ar-H), 7.51
(d, J = 7.2 Hz, 2 H, Ar-H), 7.31 (t, J = 7.2 Hz, 2 H, Ar-H), 7.21 (t, J = 7.2
Hz, 2 H, Ar-H), 4.45–4.30 (m, 3 H, 2-CH, NCOOCH 2CH), 4.17–4.09 (m, 1
H, NCOOCH2CH ), 3.50 (br s, 2 H, NCH2CH 2NHFmoc), 3.37–3.14 (m, 4 H,
3-CH2, NCH 2CH2NHFmoc), 1.36 (s, 18 H, 2 x C(CH3)3) ppm. 13c nmr (100
MHz, CDCl3): δ = 173.8 (COOH), 157.1, 156.7, 156.3, 155.7 (3 x NCOO),
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144.0, 141.4 (C-Ar), 127.8, 127.2, 125.2, 120.1 (CH-Ar), 81.7, 81.4, 80.5 (2 x
C(CH3)3), 67.6, 67.1 (NCOOCH2CH), 54.1, 53.0 (C-2), 50.1, 49.5, 48.6, 47.6 (C-
3, NCH2CH2NHFmoc), 47.3 (NCOOCH2CH), 40.7, 40.0 (NCH2CH2NHFmoc),
28.4 (2 x C(CH3)3) ppm. [α]24

D = –11.0 (c 0.1, MeOH). HRMS (ESI-TOF):
calcd. for C30H38N3O8 [M–H]– 568.2664, found 568.2670.

(S)-N2,N4-Bis-tert-butoxycarbonyl-N4-[N-(9-
fluorenylmethyloxycarbonyl)-2-aminoethyl]-2,4-diaminobutanoic acid
(26)

Compound 26 was puri�ed by �ash column chromatography using 0
to 15% MeOH in dichloromethane containing 1% AcOH as eluent to af-
ford a white amorphous solid (0.085 g; 66%); m.p. 71–76°C. Rf = 0.28
(EtOAc/AcOH/hexane, 80:1:19, v/v/v) 1h nmr (400 MHz, CDCl3): δ =
7.69–7.67 (d, J = 7.6 Hz, 2 H, Ar-H), 7.53 (d, J = 7.2 Hz, 2 H, Ar-H),
7.32 (td, J = 7.2, 3.6 Hz, 2 H, Ar-H), 7.22 (td, J = 7.6, 2.0 Hz, 2 H, Ar-
H), 4.45–4.44 (m, 1 H, NCOOCH2CH ), 4.24–4.19 (m, 1 H, 2-CH), 4.13–4.10
(m, 2 H, NCOOCH 2CH), 3.77–3.70 (m, 1 H, 3-CH2a), 3.30–3.25 (m, 3 H,
NCH 2aCH 2NHFmoc), 2.98–2.94 (m, 1 H, NCH 2bCH2NHFmoc), 2.87–2.83
(m, 1 H, 3-CH2b), 2.04–1.94 (m, 1H, 4-CH2a), 1.76–1.71 (m, 1 H, 4-CH2b),
1.39–1.35 (2s, 18 H, 2 x C(CH3)3) ppm. 13c nmr (100 MHz, CDCl3): δ = 173.0
(COOH), 158.4, 156.9, 155.6 (3 x NCOO), 144.1, 141.4 (C-Ar), 127.8, 127.2,
125.3, 120.1 (CH-Ar), 82.8, 81.7, 80.5 (2 x C(CH3)3), 67.1, 66.9 (NCOOCH2CH),
51.2 (C-2), 50.3 (C-3), 47.4 (NCOOCH2CH), 46.3, 40.7, 34.4, 29.8 (C-4, NCH2
CH2NHFmoc), 28.5, 28.4 (2 x C(CH3)3) ppm. [α]22

D = –2.3 (c 0.3, MeOH).
HRMS (ESI-TOF): calcd. for C31H40N3O8 [M–H]– 582.2821, found 582.2816.

(S)-N2,N5-Bis-tert-butoxycarbonyl-N5-[N-(9-
fluorenylmethyloxycarbonyl)-2-aminoethyl]-2,5-diaminopentanoic acid
(27)

Compound 27 was puri�ed by �ash column chromatography using 0 to
15% MeOH in dichloromethane containing 1% AcOH as eluent to a�ord a
white sticky solid material (0.097 g; 74%). Rf = 0.17 (EtOAc/AcOH/hexane,
80:1:19, v/v/v) 1h nmr (400 MHz, CDCl3): δ = 7.67 (d, J = 7.6 Hz, 2 H, Ar-H),
7.45 (d, J = 7.6 Hz, 2 H, Ar-H), 7.30 (t, J = 7.6 Hz, 2 H, Ar-H), 7.21 (t, J =
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7.6 Hz, 2 H, Ar-H), 4.43–4.27 (m, 3 H, NCOOCH 2CH, C-2), 4.11 (t, J = 6.8
Hz, 1 H, NCOOCH2CH ), 3.26–3.02 (m, 6 H, 3-CH2, NCH 2CH 2NHFmoc),
1.74–1.71 (m, 1 H, 4-CH2a), 1.56–1.51 (m, 3 H, 4-CH2b, 5-CH2), 1.36 (s, 18 H,
2 x C(CH3)3) ppm. 13c nmr (100 MHz, CDCl3): δ = 175.3 (COOH), 157.0,
156.8, 155.8 (3 x NCOO), 144.0, 141.4 (C-Ar), 127.8, 127.1, 125.2, 120.1 (CH-
Ar), 80.7, 80.5, 80.2 (2 x C(CH3)3), 67.0, 66.8 (NHCOOCH2CH), 54.4, 53.0,
47.3, 46.8 (C-2, NCH2CH2NHFmoc), 46.4 (NHCOOCH2CH), 40.5, 40.1, 29.9
(C-5, NCH2CH2NHFmoc), 28.5 (2 x C(CH3)3), 27.0, 24.6, 24.2 (C-3, C-4)
ppm. [α]24

D = +3.0 (c 0.1, MeOH). HRMS (ESI-TOF): calcd. for C32H42N3O8
[M–H]– 596.2977, found 596.2984.

4.5 Supporting Information
S1 Supporting Information. Experimental procedures for compounds 7, 19
and 25 as well as 1h nmr and 13c nmr spectra of compounds 4–9, 11–16 and
22–27; rp-hplc chromatograms of puri�ed compounds 14–16 and 25–27.
(pdf) [74]
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The isoprenoid family of compounds is estimated to contain ∼65,000

unique structures including medicines, fragrances, and biofuels. Due to
their structural complexity, many isoprenoids can only be obtained by ex-
traction from natural sources, an inherently risky and costly process. Con-
sequently, the biotechnology industry is attempting to genetically engi-
neer microorganisms that can produce isoprenoid-based drugs and fuels
on a commercial scale. Isoprenoid backbones are constructed from two,
�ve-carbon building blocks, isopentenyl 5-pyrophosphate and dimethylal-
lyl 5-pyrophosphate, which are end-products of either the mevalonate or
non-mevalonate pathways. By linking the hmg-coa reductase pathway
(which produces mevalonate) to the mevalonate pathway, these building
block can be synthesized enzymatically from acetate, atp, nad(p)h and
coa. Here, the enzymes in these pathways are used to produce pathway
intermediates and end-products in single-pot reactions and in remarkably
high yield, ∼85%. A strategy for the regio-speci�c incorporation of isotopes
into isoprenoid backbones is developed and used to synthesize a series of
isotopomers of diphosphomevalonate, the immediate end-product of the
mevalonate pathway. The enzymatic system is shown to be robust and ca-

http://dx.doi.org/10.1371/journal.pone.0105594
http://dx.doi.org/10.1371/journal.pone.0105594
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pable of producing quantities of product in aqueous solutions that meet or
exceed the highest levels achieved using genetically engineered organisms
in high-density fermentation.

5.1 Introduction

Improved access to large numbers of pure proteins, and a rapidly increasing
repertoire of well characterized enzymes, isoenzymes and mutants have
substantially increased the potential to utilize in situ metabolic pathways,
or concatenated enzymatic reactions, in the synthesis of complex natural
and synthetic products. Enzymes have been honed over evolutionary time
to accomplish speci�c catalytic tasks [2, 14]. Many are extremely e�cient,
regio-selective catalysts, while others exhibit broad substrate speci�cities
that can provide �exibility in synthetic schemes. Indeed, signi�cant e�orts
are underway to develop enzymes whose catalytic properties have been
altered to achieve speci�c synthetic goals [33, 40, 111]. Enzymatic synthesis
has been used to produce numerous valuable compounds [21, 51, 55, 57, 62,
66, 82, 91, 110, 116, 134] and often provides signi�cant enhancements in
yield, purity, production time and cost when compared to traditional chem-
ical synthetic methods [59, 109]. Considerable e�ort is being expended
to develop cell-free enzymatic systems for the production of biofuels, in-
cluding dihydrogen [15] and butanol [61], biomass conversion to starch
[135], and high-energy-density biobatteries [140]. While enzymatic synthe-
sis will never replace traditional synthesis, it provides a valuable adjunct to
traditional approaches particularly when the objective is to build complex
natural products.

The medicinal values of isoprenoids have been documented as early as 168
BC [5, 54]. Today, we are only beginning to understand the social and com-
mercial potential of this enormous, diverse family of natural compounds,
which is estimated to contain approximately 65,000 unique structures [92].
Biotechnology companies are attempting to synthesize isopreonoid-based
medicines, cosmetics [93], �avors [101], fragrances [16] and biofuels [96,
107, 137] by genetically engineering plants and bacteria to produce desired
isoprenoids in commercial quantities [32, 34, 107, 131]. Recent e�orts along
these lines include attempts to genetically engineer organisms to produce
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artemesinin (an antimalarial) at costs that will signi�cantly expand third-
world access to this drug [48, 63], and to produce isoprenoid-based fuels
[96, 137].

The carbon backbones of isoprenoids are assembled from two fundamen-
tal building blocks, isopentenyl 5-pyrophosphate and dimethylallyl 5-pyro-
phosphate [50, 104, 121, 130]. By linking the hmg-coa reductase pathway,
which produces mevalonate, to the mevalonate pathway, these building
blocks can be enzymatically assembled from acetate, atp, nad(p)h, and coa
(�gure 5.1). Alternatively, they can be synthesized using the so-called non-
mevalonate pathway [105], which is mechanistically more complex and less
well de�ned [139]. Here, ten enzymes, including those that comprise the
hmg-coa reductase and mevalonate pathways [3, 49, 83–85, 118] are strate-
gically employed to accomplish e�cient, high-yielding (>85%) single-pot
syntheses of the intermediates and endproducts of the mevalonate pathway.
Labeling strategies that regio-speci�cally position carbon and hydrogen
isotopes into the building-block backbone are developed and used to syn-
thesize and purify isotopomers of the immediate endproduct of the meval-
onate pathway, diphosphomevalonate (dpm, �gure 5.2) [85]. Finally, the
enzymatic system is shown to be robust and capable of producing pathway
end-products in simple, aqueous solutions at levels that match or exceed
the highest reported levels, which are only achieved using high-density
fermentation.

5.2 Materials and Methods

5.2.1 Materials

Lactate dehydrogenase (rabbit muscle), pyruvate kinase (rabbit muscle), and
inorganic pyrophosphatase (Baker’s yeast) were purchased from Roche Ap-
plied Science. (R, S)-[2H3]methyl-mevalonolactone, (R, S)-mevalonolactone,
acetyl-coa, glutamate dehydrogenase (bovine liver), acetyl-coa synthetase
(Baker’s yeast), myokinase (rabbit muscle) and lysozyme (bovine) were
purchased from Sigma. Sodium acetate (13C, 99%), sodium acetate (2H,
99%) and D2O (99%) were purchased from Cambridge Isotope Laborato-
ries, Inc. All other chemical reagents were of the highest grades available.
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Figure 5.1: Schematics for the in-situ enzymatic synthesis of dpm and its
isotopomers. Panel A. The enzymatic synthesis of dpm from
acetate and coa. The synthesis occurs in six steps (i - vi). coa
is consumed at reaction i, and regenerated at steps ii-iv. To pre-
vent product inhibition and thermodynamically bias the sys-
tem toward dpm formation, adp (vii) and amp (vii and viii) are
recycled and pyrophosphate is hydrolysed (ix). Panel B. The
incorporation of acetate into dpm. Acetate fragments are enzy-
matically concatenated to form the 6-carbon skeleton of dpm.
Isotopic labels can be introduced at various points in the dpm
synthesis to achieve a particular labeling outcome. The enyzmes
used in the synthesis are as follows: i, acetyl-coa synthetase;
ii, acetoacetyl-coa thiolase; iii, hydroxymethylglutaryl-coa syn-
thase; iv, hydroxymethylglutaryl-coa reductase; v, mevalonate
kinase; vi, phosphomevalonate kinase; vii, pyruvate kinase; viii,
adenylate kinase; ix, inorganic pyrophosphatase.
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Figure 5.2: The isotopomers of (R)-diphosphomevalonate. Dots (•, [13C]) and
asterisks (*, [2H]) mark the positions of heavy atoms in the syn-
thesized compounds. Each mark represents a separate, singly-
labeled compound. A triply-labeled compound, enriched at all
of the [2H]-positions, was also synthesized.

Plasmids pet28eftr (encodes a bi-functional enzyme, Enterococcus faecalis
acetoacetyl-coa thiolase/hmg-coa reductase), pet28efs2 a100g (encodes En-
terococcus faecalis hmg-coa synthase), and pet28-efr (encodes Enterococcus
faecalis hmg-coa reductase) were generous provided by Prof. V. W. Rod-
well [118]. Mevalonate kinase (Staphylococcus aureus), phosphomevalonate
kinase (Streptococcus. pneumoniae), and diphosphomevalonate decarboxy-
lase (Streptococcus. pneumoniae) were expressed and puri�ed as described
previously [3, 98].

5.2.2 Enzyme expression and purification

37°C LB/ampicillin media was inoculated with E. coli bl21(de3) freshly trans-
formed with the expression plasmid of interest. The cells were cultured to
an od595 of 0.8, protein expression was induced by the addition of isopropyl-
1-thio-β-D-galactopyranoside (iptg, 0.75 mM), and the incubation was con-
tinued for 4 h at 37°C. The culture temperature was then shifted to 18°C
and incubation was continued for 16 h. The cells were then harvested by
centrifugation (30 min, rcf 5,000 g, 4°C). The mvk [3], pmk [3] and dpm-dc
(diphosphomevalonate decarboxylase) [3] expression vectors fuse a His9-
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gst-tag to the N-terminus of the enzyme; whereas, the acetoacetyl-coa
thiolase [49], hmg-coa synthase [117] and hmg-coa reductase [49] vectors
fuse a His6-tag to the N-terminus. Dual-tag proteins were puri�ed using a
gst resin followed by a His resin. All bu�ers and columns were equilibrated
at 4°C prior to use. Puri�cation began by suspending cell pellets (5.0 ml/g
cell paste) in Bu�er A [H2KPO4 (50 mM), NaCl (140 mM), KCl (2.7 mM),
ph 7.3] supplemented with lysozyme (0.10 mg/ml), pmsf (290 µM), and pep-
statin A (1.5 µM). edta (1.0 mM) was added to Bu�er A when purifying
dual-tag systems. After suspension for 1 hr at 4°C, cells were disrupted by
sonication and debris was removed by centrifugation (50 min, rcf 15,000
g, 4°C). Supernatants containing dual-tag proteins were loaded onto a Glu-
tathione Sepharose 4 ff column equilibrated with Bu�er A + edta, the
column was then washed with three column volumes of the same bu�er,
and protein was eluted using Tris/Cl (250 mM, ph 8.0), KCl (500 mM) and
reduced glutathione (10 mM). Supernatants containing singly tagged pro-
teins, or gst-resin eluants containing dual-tag proteins, were loaded onto
a Ni-nta column equilibrated with Bu�er B [H2KPO4 (50 mM), NaCl (300
mM), imidazole (10 mM), ph 8.0]. The column was washed with Bu�er C

[H2KPO4 (50 mM), NaCl (300 mM), imidazole (20 mM), ph 8.0], and fusion
protein was eluded with Bu�er D [H2KPO4 (50 mM), NaCl (300 mM), imi-
dazole (300 mM), β-mercaptoethanol (β-me) (10 mM), ph 8.0]. Glycerol was
then added to the singly-tagged eluants (5% v/v) and stored (see below). Tags
were removed from the dual-tag proteins by incubation with PreScission
protease [106] during overnight dialysis at 4°C against Hepes/K+ (50 mM,
ph 8.0) containing dtt (10 mM, dithiothreitol) and KCl (100 mM). Follow-
ing proteolysis, the dialysate was passed over a gstrap column to remove
the gst-tagged protease. The purity of the single- and double-tags pro-
teins was estimated, using sds-page, at >85 and >95%, respectively. Eluants
containing puri�ed proteins were frozen rapidly and stored at −80°C.

5.2.3 Enzymatic assays
To establish conditions for the synthesis of dpm, the activity of each enzyme
was assessed under the synthesis conditions. Apparent kinetic constants
were extracted from reaction progress curves [66] and were in good agree-
ment with published values (table 5.1). Acetyl-CoA synthetase activity was
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monitored by coupling the production of amp to the oxidation of nadh
[97]. The assay conditions were as follows: inorganic pyrophosphatase (4.0
U/ml), myokinase (4.0 U/ml), pk (4.0 U/ml), ldh (lactate dehydrogenase, 8.0
U/ml), nadh (3.0 mM, ε398 =0.136 mM−1 cm−1), acetate (2.0 mM), CoA (2.0
mM), atp (4.0 mM), pep (6.0 mM), MgCl2 (1.0 mM + [nucleotide]), KCl (50
mM), β-me (10 mM). Acac-Coa thiolase activity was monitored by following
the appearance of acac-coa (acetoacetyl-coa) at 302 nm [25]. The conditions
were: ac-coa (acetyl-CoA) (6.0 mM), MgCl2 (2.0 mM). hmg-coa synthase

activity was monitored at 386 nm (=0.61 mM−1 cm−1) by coupling the pro-
duction of 3-hydroxy-3-methyl glutaryl-CoA to the oxidation of nadph
using hmg-coa reductase. The conditions were: hmg-coa reductase (1.0
µM), acac-coa (1.0 mM), ac-coa (1.0 mM), nadph (1.5 mM), KCl (50 mM),
β-me (10 mM). hmg-coa reductase activity was monitored by following
oxidation of nadph. The conditions were: 3-hydroxy-3-methyl glutaryl-
CoA (0.50 mM), nadph (0.20 mM), KCl (50 mM), β-me (10 mM). Mevalonate

kinase activity was monitored by coupling the production of adp to the ox-
idation of nadh [3, 98]. The conditions were: pk (4.0 U/ml), ldh (8.0 U/ml),
nadh (200 µM, ε339 =6.22 mM−1 cm−1), pep (7.0 mM), mevalonate (135 µM),
atp (5.0 mM), MgCl2 (1.0 mM + [nucleotide]), KCl (50 mM), β-me (10 mM).
Phosphomevalonate kinase activity was monitored by coupling the produc-
tion of adp to the oxidation of nadh [3, 98]. The conditions were identical
to those used for mevalonate kinase except phosphomevalonate (50 µM) re-
placed mevalonate. dpm Decarboxylase activity was monitored by coupling
the production of adp to the oxidation of nadh [3, 98]. The conditions
were identical to those used for mevalonate kinase except diphosphomeval-
onate (50 µM) replaced mevalonate. In all cases, reactions were bu�ered
with Hepes/K+ (50 mM), ph 8.0, and T=25±2°C.

5.2.4 The synthesis of (R)-diphosphomevalonate
dpm was synthesized in a one-pot reaction using the following conditions:
ac-coa synthetase (2.0 µM), acac-coa thiolase (2.0 µM), hmg-coa synthase
(4.0 µM), hmg-coa reductase (2.0 µM), mevalonate kinase (2.0 µM), phos-
phomevalonate kinase (3.0 µM), pyruvate kinase (5.0 U/mL), myokinase
(2.0 U/ml), inorganic pyrophosphatase (2.0 U/ml), atp (5.0 mM), pep (10
mM), acetate (12 mM), coa (5.0 mM), nadph (10 mM), KCl (50 mM), MgCl2
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Table 5.1: Enzymes used in the synthesis of dpm.
aEnzyme EC # Gene Source Substrate bKm(mM) bkcat(sec−1)

cacs 6.2.1.1 acs1 S. cerevisiae Acetate coa 0.28 0.24 10
dact 2.3.1.9 mvae E. faecalis ac-coa 0.60 2.3

dhmgs2 2.3.3.10 mvas E. faecalis acac-coa ac-coa 0.015 0.35 1.0
dThRed 1.1.1.34 mvae E. faecalis hmg-coa 0.023 0.55
dhmgr 1.1.1.34 mvae E. faecalis hmg-coa 0.020 0.67
dmvk 2.7.1.36 mvak1 S. aureus Mevalonate 0.027 19
dpmk 2.7.4.2 mvak2 S. pneumoniae P-mev 0.0042 5.0
ckk 2.7.1.40 pkm2 O. cuniculus pep 0.040 160
cmk 2.7.4.3 ak1 O. cuniculus amp e0.50 e410

cppiase 3.6.1.1 ppa1 S. cerevisiae ppi
e0.0050 e260

aAbbreviations: acs, acetyl-coa synthetase; act, acetoacetyl-coa thiolase; hmgs2, hmg-
coa synthase; ThRed, acetoacetyl-coa thiolase/hmg-coa reductase (dual-function en-
zyme); hmgr, hmg-coa reductase; mvk, mevalonate kinase; pmk, phosphomevalonate
kinase; pk, pyruvate kinase; mk, myokinase; ppiase, inorganic pyrophosphatase.

bStandard errors are <5% in all cases (see section §5.2).
cObtained from commercial sources.
dExpressed in E. coli and puri�ed.
eParameters taken from literature (MK [89, 90], PPiase [99, 141]).
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(1.0 mM + [atp]), β-me (10 mM), Hepes/K+ (50 mM), ph 8.0, T=25±2°C.
Reactions progress was monitored by following the oxidation of nadph as-
sociated with the hmg-coa reductase reaction. dpm formation was assayed
by adding an aliquot the dpm-synthesis reaction into a dpm decarboxylase
assay mixture (dpm-dc (0.10 µM), pk (4.0 U/ml), ldh (8.0 U/ml), nadh (200
µM), pep (4.0 mM) atp (2.0 mM), MgCl2 (1.0 mM + [nucleotide]), KCl (50
mM), β-me (10 mM), Hepes/K+ (50 mM), ph 8.0, T=25±2°C) and monitoring
nadh oxidation at 340 nm. The assay-reaction dilution was su�cient (330-
fold dilution) to prevent the hmg-coa reductase reaction from contributing
signi�cantly to the measurement. The reactions yielded essentially quanti-
tative conversion of acetate to the endproduct, dpm.

5.2.5 The synthesis of labeled acetyl-coa precursors

The synthesis of regiospeci�cally labeled dpm requires appropriately labeled
ac-coa. Labeled ac-coa precursors were synthesized using the following
conditions: acetyl-coa synthetase (2.0 µM), pyrophosphatase (2.0 U/ml),
labeled acetate (4.0 mM), coa (4.0 mM), atp (4.0 mM), MgCl2 (5.0 mM),
Hepes/K+ (50 mM), ph 8.0. The reactants were mixed gently for 10 hr at
T=25±2°C. Reaction progress was monitored by assaying aliquots of the
reaction for amp synthesis using the ac-coa synthetase assay described
above. The conversion of coa to labeled ac-coa was >95%.

5.2.6 Synthesis of acac-coa

The synthesis of acac-coa was achieved using the conditions identical to
those described for the synthesis of ac-coa with the exception that acac-coa
thiolyase (2.0 µM) and dtnb (10 mM, 5, 5’-Dithio-bis(2-nitrobenzoic acid)
were present. dntb reacts with coa and was used to draw the acac-thiolase
reaction forward. The dtnb reaction was monitored at 412 nM [60]. Acac-
CoA formation was monitored at 302 nm (see, 5.2.3). The reaction reached
completion after approximately 17 hr, after which >98% acetyl-coa had
converted to acac-coa. The reaction was �ltered (10 kDa membrane) to
remove enzymes prior to using the acac-coa in subsequent syntheses.
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5.2.7 The synthesis of [1-13C]dpm or [2-2H2]dpm
Labeled ac-coa (13C or 2H) was prepared from coa and labeled acetate as
described above (see, 5.2.5). Labeled dpm was synthesized by adding the
following reagents to the labeled ac-coa reaction mixture: pk (10 U/mL) (U,
µmoles product formed min−1 at a saturating substrate), hmg-coa synthase
(4.0 µM), hmg-coa reductase (2.0 µM), mvk (2.0 µM), pmk (1.0 µM), pep (10
mM), nadph (5.0 mM), unlabelled acac-coa (2.0 mM), atp (5.0 mM), KCl (50
mM), and β-me (10 mM). The unlabeled acac-coa was prepared as describe
above (see, 5.2.6). The reaction was stirred gently overnight (∼16 h, 25±2°C),
at which point >97% of the labeled ac-coa had incorporated into dpm. The
quantitation of dpm is described above (see, 5.2.4).

5.2.8 The synthesis of dpm from acetate at high
concentration

dpm synthesis was accomplished in a one-pot reaction using the following
conditions: ac-coa synthetase (5.0 µM), acac-coa thiolase (7.0 µM), hmg-coa
synthase (10 µM), hmg-coa reductase (7.0 µM), mevalonate kinase (5.0 µM),
phosphomevalonate kinase (3.0 µM), pyruvate kinase (10 U/mL), myokinase
(5.0 U/ml), inorganic pyrophosphatase (5.0 U/ml), atp (100 mM), pep (800
mM), acetate (340 mM), coa (5.0 mM), nadph (300 mM), MgCl2 (110 mM),
β-me (10 mM), Hepes/K+ (50 mM), ph 8.0, T=25±2°C. Reaction progress was
monitored as described above (see, 5.2.3). Under the high ionic strength
conditions of this reaction, the conversion of acetate to dpm decreased to
sixty-three percent.

5.2.9 The synthesis of ipp from acetate at high
concentration

ipp synthesis was accomplished in a one-pot reaction using the following
conditions: ac-coa synthetase (7.0 µM), acac-coa thiolase (10 µM), hmg-coa
synthase (12 µM), hmg-coa reductase (10 µM), mevalonate kinase (7.0 µM),
phosphomevalonate kinase (5.0 µM), diphosphomevalonate decarboxylase
(3.5 µM), pyruvate kinase (20 U/mL), myokinase (7.0 /ml), inorganic py-
rophosphatase (7.0 U/ml), atp (200 mM), pep (800 mM), acetate (340 mM),
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coa (5.0 mM), nadph (300 mM), MgCl2 (220 mM), β-me (10 mM), Hepes/K+

(50 mM), ph 8.0, T=25±2°C. The conversion of acetate to ipp yields nine
ipp-equivalents of pyruvate (two equivalents for each of the three ac-coas
required to synthesize hmg-coa (hydroxymethylglutaryl-coa), two for con-
version of Mev to dpm and one for the decarboxylation of dpm to ipp).
Pyruvate was quantitated by adding an aliquot of the ipp-synthesis reaction
to a lactate dehydrogenase assay mixture: (ldh (8.0 U/ml), nadh (200 µM),
KCl (50 mM), β-me (10 mM), Hepes/K+ (50 mM), ph 8.0, T=25±2°C). Dilution
of the synthesis reaction was su�cient (>500-fold) to prevent enzymes from
the reaction from contributing signi�cantly to the pyruvate measurements.
Sixty-nine percent of the acetate was converted to dpm.

5.2.10 The synthesis of dpm from (R/S)-mevalonate at high
concentration

dpm synthesis was accomplished in a reaction using the following con-
ditions: mevalonate kinase (5.0 µM), phosphomevalonate kinase (3.0 µM),
pyruvate kinase (10 U/mL), (R/S)-mevalonate (370 mM), atp (50 mM), pep
(350 mM), MgCl2 (60 mM), β-me (7.0 mM), Hepes/K+ (50 mM), ph 8.0, T=
25±2°C. Reaction progress was monitored as described above (see, 5.2.3).
It should be noted that mevalonate kinase converts only the R-isomer of
mevaloante to phosphomevalonate [29], and the enantiomeric composition
of commercial (R/S)-mevalonate is 1:1 [66]; hence, a maximum of 50% of the
commercial product can be converted to dpm. Seventy-one percent of the
(R)-mevalonate in the (R/S)-mixture was converted to dpm.

5.2.11 The synthesis of ipp from (R/S)-mevalonate at high
concentration

ipp synthesis was accomplished in a reaction using the following condi-
tions: mevalonate kinase (5.0 µM), phosphomevalonate kinase (3.0 µM),
diphosphomevalonate decarboxylase (1.6 µM), pyruvate kinase (10 U/mL),
(R/S)-mevalonate (375 mM), atp (50 mM), pep (450 mM), MgCl2 (60 mM),
β-me (7.0 mM), Hepes/K+ (50 mM), ph 8.0, T=25±2°C. The conversion of
(R/S)-mevalonate to ipp was monitored by following the formation of pyru-
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vate using lactate dehydrogenase (see, 5.2.9). Seventy-seven percent of the
(R)-mevalonate in the (R/S)-mixture was converted to ipp.

5.2.12 The purification (R)-diphosphomevalonate
To maximize the purity and recovery of dpm, pep (which chromatographs
near dpm) was converted to pyruvate by adding one pep-equivalent of adp
to the synthesis reaction mixture. Small and large molecules were separated
by ultra�litration (10-kDa cuto�). The small-molecule �ltrate was passed
through a 35 mL bed of anion exchange resin (ag mp-1) equilibrated with
Hepes/K+ (10 mM, ph 7.5), and the column was “washed” with �ve volumes
of equilibration bu�er. The compounds were eluted using a 750 ml, linear
salt gradient (0–1.0 M KCl) at 2.0 mL/min. dpm eluted at 0.32 mM KCl and
contained <1% nucleotide. To remove excess KCl and concentrate the dpm,
the puri�ed compound was loaded onto a 5.0 ml bed of ag mp-1 equilibrated
with NH4HCO3 (10 mM, ph 7.5). The column was then “washed” with �ve
volumes of NH4HCO3 (10 mM, ph 7.5) before eluting the dpm with 1.8 vol-
umes of NH4HCO3 (350 mM, ph 7.5). Excess NH4HCO3 was removed by
rotary evaporation at 45°C. The desalted compounds were dissolved in ultra
pure water (2.0 mL) and the solution was adjusted to pH 7.5 with KOH.
NH4HCO3 in the desalted, puri�ed dpm was measure using an enzymatic
assay that couples the reduction of nadp+ to the synthesis of glutamate
from and α-ketoglutarate [94]. The assay conditions were as follows: α-
ketoglutarate (5.0 mM), nadp+ (0.20 mM), glutamate dehydrogenase (14
U/mL), Hepes/K+ (45 mM) ph 8.0 at T=25±2°C. The /dpm stoichiometry
was ∼4:1. The dpm concentration and purity, presence of mevalonate and
phosphomevalonate, were determined spectrophotometrically using the as-
say described above (see, 5.2.3), and the puri�ed compounds were stored in
Hepes/K+ (10 mM, ph 8.0) at −80°C.

5.2.13 Nmr protocols
One dimensional nmr was used to con�rm the structure and isotopic label-
ing of the dpm isotopomers. A Bruker drx 300 MHz spectrometer equipped
with a 5 mm broadband probe was used to acquire data. Sample tempera-
ture was 25±2°C. Proton spectra were the average of 32 scans (64K points
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each) acquired over 20 ppm using a 1.0 s recycle delay. The residual water
signal was suppressed by presaturation of the hod resonance. Spectra were
processed with 1.0 Hz line broadening, and proton chemical shifts were
referenced to 3-(trimethylsilyl) propionate [129]. Proton-decoupled carbon
spectra were the average of 100 scans (61K points each) acquired over 315
ppm using a 3.0 s recycle delay. Spectra were processed with a 1.5 Hz line
broadening, and chemical shifts were referenced indirectly [129]. Proton-
decoupled phosphorus spectra were the average of 256 scans (64K points
each) acquired over 50 ppm using a 6.0 s recycle delay. Spectra were pro-
cessed with a 3.0 Hz line broadening, and chemical shifts were referenced
to phosphocreatine [43].

5.3 Results and Discussion

5.3.1 The enzymatic synthesis of dpm

Diphosphomevalonate is synthesized from acetate, atp and nadph in six
consecutive enzymatic steps (i - vi, �gure 5.1). The �rst four reactions pro-
duce mevalonate from 3 acetate, 3 atp, and 2 nadph [28, 29, 100]. coa,
which acts as an acetyl-carrier, is consumed in reaction i, and regenerated
in reactions ii, iii and iv (see, dashed green arrows, �gure 5.1). Reactions
v and vi are catalyzed by kinases that phosphorylate mevalonate to pro-
duce the pyrophosphoryl-group of dpm. To bias the reactions toward the
endproduct and avoid product inhibition, adp and amp were recycled to
atp using pyruvate kinase and myokinase, and PPi was hydrolyzed to Pi
using inorganic pyrophosphatase. In total, nine enzymes were used in the
synthesis [3, 49, 83–85, 118].

Enzymes ii - vi were cloned, expressed in E. coli and puri�ed (see, 5.2); i
and vii - ix were obtained from commercial sources. The puri�ed enzymes
were 80–95% pure, as judged by Comassie staining [87] of sds page [113]
gels, and were obtained in yields of 30–40 mg pure protein/liter of E. coli.
The kinetic constants of the puri�ed enzymes were determined under the
conditions used for the synthesis, and were in good agreement with liter-
ature values (table 5.1). The assays are described in 5.2.3 . The enzymes
showed no signi�cant loss of activity over an 8 month period when frozen
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rapidly and stored at −80°C in Hepes (50 mM, ph 8.0), 150 mM KCl, 5%
glycerol (v/v).

The relative enzyme concentrations used in the dpm syntheses were de-
termined empirically by adjusting concentrations such that �ux through the
pathway was not rate-limited by any single step. This was accomplished
by setting pmk (vi) at a �xed concentration and titrating each preceding
enzyme successively until the dpm-synthesis rate was 80–90% of the max-
imum rate achievable at each step. For example, mvk (v) was titrated at a
�xed concentration of pmk until the rate of dpm synthesis became indepen-
dent of mvk concentration – the maximum rate. The mvk concentration
was then adjusted to allow 80–90% of the maximum rate, and an analogous
procedure was performed with hmg-coa reductase (iv). The procedure was
performed in succession for each enzyme in the pathway to determine the
relative enzyme concentrations to be used in the synthesis. Once relative
concentrations were established, the absolute concentrations were set to
achieve the desired reaction times, which ranged from 8–72 hr. Meval-
onate kinase from S. aureus was selected because, unlike the S. pneumoniae

enzyme, it is not allosterically inhibited by dpm [66].
Substrates were set at saturating, sub-inhibiting concentrations. atp, a

substrate for �ve of the enzymes (i, v, vi, vii and viii), was set at 5.0 mM,
which ranges from 5.8–68×Km. Typical substrate concentrations of the
other reactants were as follows: acetate (12 mM, 42×Km); coa (2.0 mM ,
8.0×Km); nadph (10 mM, 320×Km); and pep (10 mM, 250×Km). Under these
conditions, and using the enzyme concentrations detailed in Synthesis of

(R)-diphosphomevalonate (5.2), ∼98% of the acetate was incorporated into
dpm in this single-pot reaction.

5.3.2 The incorporation of isotopes into dpm
The regiospeci�c incorporation of isotopes has proven extremely valuable in
the elucidation of metabolism [37, 56, 132] and determining enzyme mecha-
nism [58]. Indeed, this was the basis for the discovery of the non-mevalonate
pathway of isoprenoid biosynthesis [104]. The enzymatic scheme shown
in 5.1 o�ers a �exible and e�cient means of synthesizing numerous ra-
diolabeled and stable isotopomers of mevalonate, many of which are not
commercially available. The six-carbon backbone of dpm is constructed in
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the �rst three enzymatic steps of the scheme (i – iii). Each step adds a single
acetate to the coa thioester R-group. The pattern of acetate incorporation
into the R-group, and ultimately dpm, is shown in �gure 5.1. Acetate is �rst
ester�ed onto the coa thiol, and subsequent two-carbon units are added by
forming carbon-carbon bonds with the existing R-group. Isotopes can be
incorporated into speci�c positions in dpm (�gure 5.2) using labeled acetate
or acetyl-coa, or via solvent exchange with exchange-sensitive intermedi-
ates. Achieving certain labeling patterns required removal of enzymes by
ultra�ltration at intermediate stages of the synthesis, and/or that reactions
were run in D2O (see below).

5.3.3 The synthesis of [2, 4, 6,-2H7]- and [6-2H3]dpm
The compounds were synthesized in approximately 50 mg quantites in one-
pot reactions using commercial [2-2H3]acetate or (R, S)-[6-2H3]mevalono-
lactone as starting material (see, Supplementary Material). Reactions were
complete after 22 hrs, and virtually quantitative conversion of starting mate-
rial to dpm was achieved in all cases. Approximately ∼86% of the maximum
theoretical maximum yield of dpm was obtained after puri�cation (see, 5.2).
The labeling of dpm was con�rmed using 1H nmr (�gure s1 from [103]).

5.3.4 Synthesis of [4-2H2]dpm
The synthesis of [4-2H2]dpm was carried out in several steps. First, un-
labeled ac-coa was synthesized using acetyl-coa synthetase (i) and inor-
ganic pyrophosphatase (ix) (see, Synthesis of acetyl-coa, 5.2). Acetyl-coa
thiolyase (ii) and dtnb (in excess over ac-coa) were then added to form
acac-coa. dtnb reacts quantitatively with coa [60] and was used to draw
the unfavorable acac-coa-forming reaction to completion [49]. Acac-CoA
tautomerizes [17], and its enol-form exchanges protons with solvent (�g-
ure 5.3). To streamline the synthesis, both enzymatic reactions were run in
D2O. 1H nmr con�rmed that exchange was complete and occurred exclu-
sively at the C4-position of dpm (�gure s1 from [103]). It is notable that this
exchange suggests the possibility of using equilibrium isotope exchange to
produce ac-coa in which the methyl-protons have been exchanged with
solvent. To attach the third acetate without forming unlabelled acac-coa,
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Figure 5.3: Tautomerization of acetoacetyl-coa. Tautomerization allows
H/2H-exchange at the C2-position of the 3-oxobutyryl-moiety
of acac-coa, and thus provides the precursor for the synthesis of
[4-2H2]dpm.

which would dilute isotopic enrichment, the ac-coa thiolyase was removed
by ultra�ltration before adding the reactants that complete the synthesis of
dpm (see, Synthesis of [4-2H2]-dpm, Supplementary Material). The reactions
were essentially quantitative and the production of dpm was ∼96% of the
theoretical maximum.

5.3.5 The synthesis of [1-13C]- and [2-2H2]dpm

The strategy used to synthesize these compounds was similar to that used
in the synthesis of [4-2H2]dpm. Unlabeled acac-coa was synthesized, the
enzymes used in the synthesis were “strained” from the reaction by ultra�l-
tration, labeled ac-coawas then added along with the enzymes, and reagents
needed to complete the synthesis of dpm (see, 5.2). Care was taken to ensure
that the ac-coa remaining in the acac-coa synthesis reaction was ∼0.2% of
the labeled ac-coa used in the subsequent conversion to dpm. The yield
was quantitative; dpm levels reached ∼95% of the theoretical maximum.
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5.3.6 Confirming the structure and labeling patterns of the
compounds

The speci�city and e�ciency of isotopic labeling were assessed using 1H
and 13C nmr. Deuterium incorporation at a given position was assessed by
quantitating the loss of proton signal at that position. The 1H nmr spectra
of the synthesized compounds are compiled in �gure 5.4 and �gure s1 from
[103]. In all cases, proton signal at the targeted position(s) was below detec-
tion (i.e., >97% incorporation e�ciency) and the integrated intensities of the
remaining proton peaks were identical within error (±3%); thus, deuterium
did not incorporate signi�cantly into positions other than the target sites.
Comparison of the 1H spectra of [1-13C]- and natural abundance C1-dpm
reveals that the ab quartet associated with the C2 of dpm (2.41 ppm) is
split to into an abx pattern by the incorporation of 13C (�gure 5.4). This
splitting is consistent only with 13C incorporation at C1. If the synthesis
had resulted in a signi�cant fraction of natural abundance C1-dpm, the ab
and abx resonances are expected to overlap. Close inspection of the up�eld
doublet of the abx pattern gives no indication of the ab species (�gure 5.4
inset) indicating that the incorporation e�ciency is quite high (>95%). The
labeling speci�city of [1-13C]dpm is given by the 13C spectrum (�gure 5.4),
which shows the expected C1-resonance [68] and no detectible signal at the
positions associated with the other carbon atoms in the molecule (dotted
arrows). The integrity of the pyrophosphoryl moiety was con�rmed using
31P nmr (�gure s2 from [103]).

5.3.7 The synthesis of highly concentrated dpm and
isopentenyldiphosphate

Given the considerable societal value of isoprenoids, the di�culties ob-
taining them, and the current e�orts to bio-synthesize these compounds at
commercial scale, it was of interest to assess the potential of the in-situ en-
zymatic synthesis to produce large quantities of product. Toward this end,
the velocity of the acetate-to-dpm conversion was studied as a function
of initial-reactant concentration with the goal of determining the highest,
useful concentrations. The system proved remarkably robust. Only slight
inhibition (∼30%) was observed at 0.50 M acetate. pep and nadph could
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Figure 5.4: 1H and 13C nmr spectra of (R)-diphosphomevalonate iso-
topomers. Spectra indicate speci�city and e�ciency of label-
ing. Panel A. 1H nmr spectra of labeled and unlabeled dpm.
The e�ciency and speci�city of [2H2]-labeling were estimated
at >98% and >95%, respectively. Panel B. 13C nmr spectrum
of [1-13C]dpm. The resonance at 181 ppm corresponds to C1.
The e�ciency of labeling at C1 is estimated at >92% (see 5.3).
Based on the absence of non-C1 signals and the S/N, the labeling
speci�city is calculated at >98%. Asterisks indicate instrumental
artifacts.
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be increased to near saturation (∼500 and 200 mM, respectively) without
signi�cant decrease in velocity, and atp could be added to 0.15 M without
inhibition or noticeable precipitation. The concentration-optimized system
contained acetate, atp, pep and nadph at 0.35, 0.10, 0.40, 0.30 M, respec-
tively, and yielded dpm and ipp at 22 and 18 g/liter, respectively −63% and
69% conversions of acetate to product (�gure 5.5). Product formation was
limited by the solubility of nucleotide and high ionic strength of these reac-
tions.. To assess whether the enzymatic system was capable of producing
even higher product concentrations, dpm and ipp synthesis was initiated
from mevalonate. Reactions contained (R/S) mevalonate, atp, and pep at
0.370, 0.05, 0.35 M, respectively, and yielded dpm and ipp at 42 and 35 g/liter,
respectively −73% and 76% product yields (�gure 5.5). The reactions condi-
tions are further described in 5.2 (see, Reactions that yield highly concentrated
product). 10.1371/journal.pone.0105594.g005Figure 5

The syntheses outlined in the preceding paragraph are highly scalable.
Reaction yields were independent of volume from 0.10 ml–1 liter and are
expected to be similar at larger volumes. Under the high ionic strength
conditions of these assays, the enzymes proved to be quite stable. The
majority lost ≤20% of their activity over 2 days at room temperature. The
exceptions were acetoacetyl-coa thiolyase and inorganic pyrophosphatase,
which lost 63% and 72% of their activity, respectively, over this time period.

Attempts to genetically engineer plants and bacteria to produce commer-
cial quantities of isoprenoids have met with variable success. Artemisinin, a
potent antimalarial, is currently isolated from the quinghao plant (Artemisia

annua) at ∼3 mg/g dry weight. In contrast, genetically engineered tobacco
produces artemisinin at ∼0.8 mg/g dry weight [38], and transgenic yeast
secrete artemisinic acid (an artemisinin precursor [11] at 100 mg/liter [102].
Using E. coli as the host, pathway optimization has yielded ∼0.3 g/liter of
artemisinic acid in shaking �asks [4, 131], high-density batch fermentation
of engineered E. coli has produced yields as high as 23g/liter [124] and recent
breakthroughs in understanding of the pathway have produced artemisinic
acid at ∼25 g/liter in moderately high-density E. coli cultures [95]. Similar
e�orts in E. coli have produce taxadiene (a precursor of Taxol, an anticancer
therapeutic) at ∼1g/liter in shaking �asks [1]. Production of farnesol, a
relatively simple isoprenoid and potential biofuel [107], has reached 130
mg/liter in engineered E. coli grown in shaker �asks [126].
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Figure 5.5: dpm and ipp synthesis at high reactant concentration. dpm and
ipp were synthesized in separate, single-pot reactions. Reactions
were initiated from acetate, or (R,S)-mevalonate. The conditions
are described in 5.2. Reactions initiated with acetate yielded 69%
conversion of acetate to ipp (#), or 63% conversion of acetate
to dpm (•). Reactions starting with (R,S)-mevalonate yielded 77%
conversion of (R)-mevalonate to ipp ( ), or 73% conversion of
(R)-mevalonate to dpm (p). The data points represent the aver-
age of results from three independent experiments.
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While these e�orts have helped de�ne the complexities associated with
expressing and controlling the isoprenoid biosynthetic pathway in living
organisms, only fermentation in conjunction with genetic engineering is
yielding product quantities required for successful commercial application.
The cell-free approach described here yields product quantities that are
comparable to, or exceed those achieved in high-density fermentation and
have the advantage that product is formed in a simple aqueous system from
which it can be recovered readily.

5.4 Conclusions
The enzymes that comprise the hmg coa reductase and mevalonate path-
ways have been used along with enzymatic substrate-recycling and product-
removal systems to e�ciently synthesize intermediates and end products
of these pathways in high yield. Strategies for using these enzymes to
regio-speci�cally position isotopes in the isoprenoid backbone are described
and used to synthesize and purify isotopomers of dpm, the immediate end
product of the mevalonate pathway. The enzymatic platform is robust and
produces isoprenoid precursors, dpm and ipp, in quantites ranging from
20–40 g/liter. These values meet or exceed all published values for iso-
prenoid production using genetically engineered organisms. The platform
produces product in simple aqueous solutions, which, in most cases, will
make isoprenoid isolation far simpler than extraction from high-density fer-
mentums. These favorable attributes recommend the enzymatic platform
as a valuable alternative to cell-culturing methods as a clean, sustainable,
non-biocompetitive method for the production of isoprenoids.

5.5 Supporting Information
Figure S1 1

H nmr spectra of dpm isotopomers. The speci�city and ef-
�ciency of labeling of the isotopomers were estimated based on the inte-
gration of the 1H signals. The results were as follows: [4-2H2]dpm (96%,
95%), [6-2H3]dpm (97%, 95%) and [2, 4, 6-2H7]dpm (96%, 97%). (tif) Figure
S2 31

P nmr spectrum of dpm. The resonance positions, splitting pattern
and nearly identical integrated intensities of the <- and -resonances indicate
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an intact pyrophosphoryl-moiety. The asterisk identi�es the resonance of
phosphocreatine, which was added as an internal standard. The absence of
a peak at ∼5 ppm indicates that phophomevalonate is undetectable. (tif)
Text S1 (docx)
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