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Identification of novel rapamycin derivatives as
low-level impurities in active pharmaceutical
ingredients

Stephan G Zech, Michael Carr, Qurish K Mohemmad, Narayana I Narasimhan, Christopher Murray,
Leonard W Rozamus and David C Dalgarno

We describe the identification of novel rapamycin derivatives present as low-level impurities in active pharmaceutical ingredients

using an integrated, multidisciplinary approach. Rapamycin, a fermentation-derived natural product is itself used clinically and

provides the starting material for several rapamycin analog drugs, typically used in oncology. LC-MS proved a sensitive means

to analyze impurity profiles in batches of rapamycin. MS fragmentation was used to gain structural insight into these impurities,

usually fermentation by-products, structurally very similar to rapamycin. In cases where MS fragmentation was unable to provide

unambiguous structural identification, the impurities were isolated and purified using orthogonal HPLC methods. Using the

higher mass sensitivity of small-volume NMR microprobes, submilligram amounts of isolated impurities were sufficient for

further characterization by multidimensional NMR spectroscopy. Full assignment of the 1H and 13C NMR signals revealed the

structure of these impurities at an atomic level. This systematic workflow enabled the identification of several novel rapamycin

congeners from active pharmaceutical ingredient without the need for large-scale isolation of impurities. For illustration, two

novel rapamycin derivatives are described in this study: 12-ethyl-rapamycin and 33-ethyl-rapamycin, which exemplify previously

unreported modifications on the carbon skeleton of the rapamycin macrocycle. The methodologies described here can be of

wide use for identification of closely related structures found; for example as fermentation by-products, metabolites or

degradants of natural product-based drugs.
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INTRODUCTION

Rapamycin (sirolimus)1 is a natural product isolated from
Streptomyces rapamycinicus2 (formerly Streptomyces hygroscopicus)
with antibiotic and antifungal activities, which itself has clinical
applications; for example, as an immuno-supressant drug3,4 and as
the active agent in drug-eluting stents.5–7 Rapamycin and many of its
derivatives function by inhibiting the kinase mammalian target of
rapamycin, an important regulator of cell proliferation.8–11 Further-
more, two semisynthetic rapamycin analogs, temsirolimus and ever-
olimus, have been approved as mammalian target of rapamycin
inhibitors for cancer treatment, while a third, ridaforolimus, has
entered late-stage clinical trials; for example, for sarcoma and other
tumors.10,12 All these analogs are modified at the C43 hydroxyl group
of the cyclohexyl moiety of rapamycin and consequently use rapamy-
cin, a fermentation-derived natural product, as a starting material in
their chemical synthesis.13

As part of the new drug regulatory approval process, impurities in
the active pharmaceutical ingredient (API) must be structurally

characterized,14,15 if they exceed the identification threshold of
0.10%. Many publications have described the identification of
impurities in pharmaceutical agents using various technologies
including LC-MS/MS, accurate mass determination and
LC-NMR.16–19 However, in the case of natural product-based APIs,
a number of factors complicate the exhaustive characterization of low-
level impurities, leading to a formidable analytical challenge. First, the
biosynthetic pathways in the fermentation process are expected to
generate a variety of closely related structural analog impurities, many
of which will be present in low levels (for example, o0.2% by weight)
in the compound of interest. The impurities are then difficult to
resolve chromatographically, and hence are challenging to isolate for
characterization. Second, the limited stability of some fermentation-
based natural products under certain temperatures, solvents and pH
limits may complicate the isolation of larger amounts of impurities
free of degradation by-products, and may compromise the use of
some less-sensitive analytical techniques. Finally, reversible structural
isomerizations; for example, tautomerization, and the presence
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of rotamers can complicate both impurity isolation and characteriza-
tion. All of the above factors are encountered in the characterization
of impurities in rapamycin and hence in rapamycin-based drugs.
To overcome these technical challenges, we have used an integrated
and systematic approach for the identification of such impurities to
compensate for the deficiencies of any particular technology.

To illustrate the utility of this approach, we report the identification
of two novel rapamycin derivatives, present in purified rapamycin at
low level, using LC-MS/MS, sample isolation by preparative HPLC,
followed by detailed structural analysis using multidimensional/
multinuclear NMR spectroscopy in a small volume 1.0 mm NMR
probe. This approach has proven very valuable in the structural
identification of a variety of impurities in rapamycin well below
the 0.1% threshold, including several novel fermentation by-products.
A similar approach as reported here for rapamycin was successfully
applied to characterizing rapamycin-based APIs.

RESULTS AND DISCUSSION

Figure 1a shows the structure of rapamycin (R1¼R2¼CH3) including
the numbering scheme used in this study. A typical feature of the
reverse-phase HPLC chromatogram of rapamycin and its derivatives is
that the principal peak is always accompanied by a minor, later-eluting
peak at an RRT of ca.1.06 (Figure 1b, upper trace). The two peaks are
typically observed in approximately a 30:1 ratio and are due to the
equilibrating pyran and oxepane hemi-ketal tautomers.20 The lower
trace in Figure 1b shows the same chromatogram at enlarged scale,
illustrating a portion of the impurity profile of this material, typical of
rapamycin. Here we focus on the arrowed peak at RRT 1.2, which
represented a particular challenge for structure determination, requir-
ing the full spectrum of analytical techniques. The peak at RRT 1.2
comprises about 0.1% of the total sample, while other peaks represent
rapamycin-related impurities of different structure. Initial LC-MS
results of the RRT 1.2 impurity peak indicated a m/z for the MNa+

ion at 950.6 Da, which is 14 amu higher than the m/z of sodiated
rapamycin (936.6 Da) and consistent with addition of a methylene
group. The same mass difference to rapamycin was observed
in the mass spectra obtained with several other LC-MS methods
(Supplementary Figures S1 and S2) and allowing cross-correlation of
retention times of this impurity peak.

Extensive HPLC method development resulted in significantly
better resolution between various impurity peaks, albeit at the expense
of a significantly increased retention time, highlighting one challenge
of characterizing closely related natural product impurity peaks. In the
refined HPLC method, the impurity peak was separated into two
peaks as shown in the reconstructed single-ion chromatograms
(Figure 2b). The MS2 fragmentation spectra of rapamycin and the
two impurity peaks are shown in Figures 2c–e, respectively. At first
glance, the fragmentation patterns for the impurities are almost
identical, indicating that both peaks might represent tautomers
of the same compound. However, closer inspection reveals some
differences in fragmentation, which point to structurally distinct
compounds. For example, the fragment ion with m/z 642 was
observed in rapamycin and also in impurity 2, while impurity
1 shows a +14 amu difference for this fragment. Similar shifts are
found for the fragment at m/z¼320 (red arrows in Figure 2).

Assignment of the fragmentation pattern was derived as for other
rapamycin analogs21–23 (see Supplementary Table S3 and Supplemen-
tary Figures S3 and S4), and indicates that the mass difference for
impurity 1 is located in the hemiketal moiety of the macrocycle
between C9 and C13 (red area in Figure 1a). In contrast, the fragment
at m/z¼607 is conserved between rapamycin and impurity 1, but

shifted by +14 amu in impurity 2. Assignment of fragments
(Supplementary Figure S4) reveals that the mass difference for
impurity 2 is found between C8 and C29 (green area in Figure 1a).
The peak at RRT 1.2 in the chromatogram in Figure 1b therefore
represents two distinct rapamycin impurities, rather than a single peak
or indeed equilibrating tautomers. From the regulatory standpoint,
while the sum of the two closely eluting compounds exceeds the
identification threshold level of 0.1%, individually the compounds are
each at or below the reporting threshold (0.05%).
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Figure 1 (a) Structure and numbering scheme of rapamycin (R1¼R2¼CH3),

and the API impurities 12-ethyl-rapamycin (R1¼CH2-CH3, R2¼CH3), and

33-ethyl-rapamycin (R1¼CH3, R2¼CH2-CH3). The red and green areas mark

the location of the +14amu mass difference from the MS/MS fragmentation

pattern for 12-ethyl-rapamycin and 33-ethyl-rapamycin, respectively.
(b) Typical HPLC chromatogram for rapamycin API showing two major peaks

ascribed to pyran (left) and oxepan (right) tautomers. The lower trace shows

the same chromatogram at expanded scale to focus on the impurity profile.

The arrow indicates the impurity peak at B14.1min (RRT¼1.2) investigated

here.

Novel rapamycin derivatives
SG Zech et al

650

The Journal of Antibiotics



300 350 400 450 500 550 600 650 700 750 800 850 900 950
0

5000

10000

15000

20000

25000

In
te

ns
ity

Rapamycin: 109.40 mins

904.53

409.30 614.37582.33453.28

441.31

459.33

564.34
763.51485.28

731.50 886.52775.46
381.31 642.38 918.55320.19 503.32

781.55703.52345.27
538.40311.29 860.59687.56 935.84

0 50 100 150 200
Time (min)

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

RT: 109.40

153.68
63.66176.24 84.36 129.21 182.3266.771.89 24.50

0 50 100 150 200
Time (min)

20

30

40

50

60

70

80

90

100

R
e

la
tiv

e
 A

b
u

n
d

a
n

ce

RT: 159.81

RT: 166.28

140.54

1.81 19.40
109.7077.0037.37

175.00

m/z

300 350 400 450 500 550 600 650 700 750 800 850 900 950
m/z

0

10

20

30

40

50

60

70

80

90

100

In
te

ns
ity

Ethyl Rapamycin Impurity: 159.81 mins
918.55

423.33

596.37
628.40

467.31

455.37

473.38
578.37

499.31 777.53745.54 900.55

922.65395.34 656.45334.21
517.31 795.58345.28 717.58

552.45320.19 379.41 937.90874.68701.63

300 350 400 450 500 550 600 650 700 750 800 850 900 950
m/z

0

10

20

30

40

50

60

70

80

90

100

In
te

ns
ity

Ethyl Rapamycin Impurity: 166.28 mins

918.55

628.40423.34
596.37467.30

455.37

473.39
578.35

777.55499.31
745.51 900.53

789.50395.33 642.42 932.58517.34320.20 795.61717.58345.29
552.46 881.90299.34 379.44 949.56647.52

a

c

b

d

e

1
2

Figure 2 Selected ion MS/MS chromatogram of sodiated rapamycin (a) and all impurities with a +14amu mass difference (b). MS–MS fragmentation pattern of

rapamycin (c) and the impurities at RT¼159.8min (d) and 166.3min (e). The red arrows indicate fragments, which allow locating the mass defect of impurity 1

to the hemiketal moiety (red area in Figure 1a). Fragments marked by green arrows locate the mass defect of impurity 2 to the green area in Figure 1a.
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On the basis of MS fragmentation alone, however, it was not
possible to derive unambiguous structures for these impurities.
For impurity 1, an ethyl (instead of methyl) moiety at C12 appears
to be the most likely structure, although a methoxy derivative at C13 is
also in agreement with the MS–MS results on 1. A methyl (instead of
H) at C10 is also biosynthetically feasible and consistent with the data.
Impurity 2 might be an ethyl derivative at either C6, C33 or C51, while
an ethoxy derivative at C29 is also consistent with the MS data.
Furthermore, addition of a methylene group in the triene region
(C1–C6) is in agreement with the MS data. As the triene region
constitutes the major chromophore used for optical quantitation,
structural modifications could potentially alter the extinction
coefficient and hence lead to miscalculation of the impurity amount.
Such structural ambiguities are inadequate for regulatory reporting,
necessitating more detailed structure characterization.

The isolation of individual impurities was carried out on two
preparative chromatography instruments under isocratic conditions
(see Supplementary Information). The RP-HPLC chromatograms
of the isolates (Supplementary Figures S5 and S6) are consistent
with a RRT of 1.23 and 1.22, respectively. Loop-injection mass spectra
for both positive and negative ions (Supplementary Figures S5 and S6)
on both samples indicate a molecular weight of 927.6 based on a m/z
of 945.6 (M+NH4

+) in the positive scan and m/z 926.6 (M-H�) in the
negative scan. In agreement with the LC-MS studies discussed above,
the molecular weight for both isolates represents a gain of 14 amu
from the molecular weight of rapamycin (914.2 Da).

Extensive (1D and 2D) 600 MHz NMR studies on the isolated
impurities were conducted comprising gCOSY, gTOCSY, multiplicity
edited gHSQC and gHMBC spectra (Supplementary Figures S8–S12).
Assignments for all 2D homo- and hetero-nuclear spectra were
necessary to provide sufficient experimental evidence for unambig-
uous identification of rapamycin congeners. Sample capillaries with
1.0 mm o.d. were used with an inverse gradient NMR microprobe
(Bruker Biospin, Karlsruhe, Germany), which provides significantly
higher mass sensitivity with respect to the same sample amount
compared with 5 mm conventional probes. This allowed us to acquire
all 1D and 2D NMR data sets within B20 h per sample, even at
limited sample amount (B200 nmol). Degradation of the isolated
impurities was usually much slower than the time required for NMR
data acquisition.

Overlays of the 2D 1H-13C HSQC spectra of impurity isolates 1 and
2 with rapamycin are shown in Figure 3. Resonance assignments have
been obtained as described previously in detail, following the
approach for rapamycin analogs reported in the literature.24 Rapamy-
cin and both of the isolates exists as a mixture of the trans and
cis rotamers about the peptide bond (Supplementary Figure S7).
Integration of the peaks assigned to C20 and C20¢ in the HSQC
spectra indicates a trans:cis isomer ratio of about 4:1 in CDCl3.
Assignments were obtained for both rotamers, whenever resolved.

For both impurities, the overall spectra are almost identical for 13C
and 1H resonances, and only a few peaks show sizable changes
in chemical shifts. For impurity isolate 1, those include 13C and 1H
resonances at positions C32, C33 and the methyl group C34 in
rapamycin (blue arrows in Figure 3a). Two new resonances are
observed in the aliphatic region and are ascribed to a CH2 group
according to their spin multiplicity (Supplementary Figure S11). This
indicates only minor changes in the structure of the macrocycle
between rapamycin and impurity 1, reflecting the difference of a
methyl group relative to an ethyl group. The addition of a methoxy
CH3 can be excluded from the NMR data. Chemical shift changes and
the spin–spin correlations observed in COSY, TOCSY and HMBC

spectra, point to a modification at position 34, and are consistent with
the assignment of this isolate as 33-ethyl-rapamycin (Figure 1,
R1¼CH3, R2¼CH2-CH3). On the other hand, in Figure 3b, shifted
resonances for impurity isolate 2 include 13C and 1H resonances at
positions C12, C11 and the methyl group C37 in rapamycin. Two new
CH2 resonances are observed in the aliphatic region. These changes,
again reflect the difference of a methyl group relative to an ethyl group,
and exclude the addition of a methoxy group. Chemical shift
changes and spin–spin correlations for isolate 2 (Supplementary
Figures S13–S17) point to a modification at position 12, and are
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Figure 3 Overlay of the HSQC spectrum of rapamycin (green) and the

impurity spectrum (red) for isolate 1 (a) and 2 (b). The arrows indicate

major changes in chemical shifts. Newly appearing CH2 groups are indicated

by the blue circles. All assignments correspond to the impurity spectra.

Artifacts introduced by the sample isolation process are indicated as ACN

(for acetone) and ALK (for alkanes arising from the HPLC column).
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consistent with the assignment of this species as 12-ethyl-rapamycin
(Figure 1, R1¼CH2-CH3, R2¼CH3). Chemical shifts for both
impurities are reported in the Supplementary Tables S4 and S5.

Closer comparison reveals that isolate 2 is a mixture of compounds
12-ethyl-rapamycin and 33-ethyl-rapamycin, with the former being
the major component (ca. 70%). Similarly, the LC-MS/MS spectra for
isolate 2 indicated mixtures between the two ethyl-rapamycin deriva-
tives, with 12-ethyl-rapamycin being the dominant component. This
observation is explained by the overlap in the HPLC chromatogram
between the oxepan tautomer of 33-ethyl-rapamycin and the pyran
tautomer of 12-ethyl-rapamycin. Upon isolation, the oxepan tautomer
of 33-ethyl-rapamycin re-equilibrates into its pyran tautomer, leading
to the observed mixture of species in isolate 2.

Ethyl-rapamycin congeners were present in several lots of rapamy-
cin from different vendors, although at varying concentrations
depending on the purification procedures used in API production.
As an illustration, Supplementary Figure S18 shows selected ion
MS/MS chromatograms of impurities with a +14-amu mass defect
for several lots of CCSB rapamycin. The shaded areas around RRT 1.2
are representing the ethyl-rapamycin species discussed herein.

EXPERIMENTAL PROCEDURE

Source material
As rapamycin is an approved drug, API is commercially available from various

suppliers. The material used in this study was manufactured under GMP

regulations by Chunghwa Chemical Synthesis & Biotech, (CCSB, Taipei,

Taiwan, Lot 96186001), using an optimized strain derived from the original

Streptomyces rapamycinicus ATC strain.

Analytical HPLC
HPLC analyses of rapamycin, impurity pools and isolated individual impurities

were carried out on Agilent 1100 and HP1050 systems running ChemStation

Software A.10.02 (Agilent, Santa Clara, CA, USA). Each system was equipped

with a quarternary pump degasser, an autosampler and a diode array detector.

Injection volume was limited to 5ml in 1:1 methanol: buffer to suit the nature

and quantity of the isolate. In many cases, isolates were injected directly as

solutions in unbuffered preparative chromatography eluent. The relative

retention times (RRT) of isolates were established or confirmed by co-injection

with an approximately equimolar solution of rapamycin. Detailed conditions

are described in Supplementary Tables S1A and S1B.

Isolation of individual impurities by preparative HPLC
A measure of 4.5 g of rapamycin were dissolved at 0.1 g ml�1 in 1:1 acetonitrile:-

water and injected on prep method 1 (Supplementary Information), in 30

150 mg aliquots. Eluent containing late-eluting impurities (RRT41) was

pooled and concentrated to yield a 50-mg pool of impurities. The impurity

pools were subsequently fractionated by iterative prep-HPLC runs, using both

prep method 1 and prep method 2 (Supplementary Table S2), with varying

mobile phase systems, to arrive at impurity isolates of sufficient purity for

characterization. For the impurities at RRT 1.2, an amount of 200–400mg per

sample, suitable for NMR structure identification, was isolated from B4.5 g of

starting material within a few days.

LC-MS/MS
LC-MS/MS was conducted on a Finnigan Surveyor HPLC system consisting of

a MS-pump plus, an autosampler plus and a PDA plus detector (Thermo

Electron, San Jose, CA, USA). The mobile phase consisted of two solvents A

(0.1% formic acid in water) and B (100% Methanol). Sample components were

separated on a Waters (Milford, MA, USA) YMC-ODS AQ column

(4.6�250 mm, 5mm) using an isocratic method at 61% B. The mobile phase

flow rate was 1.0 ml per min, of which 0.5 ml per min was directed to the MS

using a splitter. The working stock solution (30ml of a 50mg ml�1 rapamycin

solution in 1/1 methanol/water) was injected onto the Thermo Finnigan LC/

LTQ linear ion trap MS. The MS was operated in positive-ion mode under

electrospray ionization conditions with a capillary temperature of 270 1C, spray

voltage of 4 kV and collision energy of 35%. Full-scan MS1 and MS2 spectra of

the sodium adduct of the major molecular ion were collected.

NMR spectroscopy
Samples of the isolated impurities were prepared by dissolving ca. 200–400mg

of crude isolate in 10ml of deuterated chloroform (CDCl3, Cambridge Isotope

Labs, Andover, MA, USA). Before sample preparation, the CDCl3 was filtered

through basic alumina to remove acidic impurities. NMR spectra were acquired

at a temperature of 300 K on a Bruker Avance DRX-600 NMR spectrometer

equipped with a 1-mm three-channel (1H, 13C, 15N) z-gradient microprobe. All
1H chemical shifts were referenced to the residual CHCl3 solvent peak at

7.26 p.p.m. Assignment of proton signals was obtained from 1D 1H spectra,

and 2D gradient enhanced DQ-COSY and TOCSY spectra with 60 ms DIPSI-2

spin lock pulse. 13C chemical shifts were obtained from gradient-enhanced

HSQC spectra using Garp 13C decoupling during detection. 13C shifts for

quaternary carbon atoms and carbonyls were derived from gradient enhanced

HMBC spectra. All data were processed using the Bruker Topspin 1.3 software.

Peak assignments were made using Sparky V3.1. Chemical shifts represent the

average between the corresponding peaks in all 2D NMR spectra.

Experimental details on sample isolation as well as MS/MS fragmentation and

NMR data on the isolated impurities are available as Supporting Information.

CONCLUSION

Rapamycin and its derivatives are complex natural products and, in
consequence, the identification of low-level structurally related impu-
rities present in purified samples provides a significant analytical
challenge. Combining LC-MS/MS sample isolation by prep-HPLC
and multidimensional NMR spectroscopy proved to be powerful and
reliable workflow for impurity structure elucidation. The superior
sensitivity of LC-MS can be used to analyze various batches of API by
monitoring changes in molecular weight of drug-related impurities
without the need for isolation of individual impurities. MS fragmen-
tation data are then used to localize the mass difference to a certain
part of the molecule. NMR spectroscopy can provide more detailed
structural characterization. However, NMR usually requires significant
sample amounts due to its relatively low sensitivity. This problem has
been alleviated in recent years by the invention of small volume probes
and cryo-probes with significantly increased sensitivity.25,26 Here,
the improved mass sensitivity afforded by a small-volume probe
NMR allowed a reduction in the scale of chromatography required
to isolate impurities, leading to a faster and less contaminant-prone
isolation procedure. With such an approach, NMR was successfully
used to pinpoint structural changes at atomic level, hence allowing
unambiguous structure identification even for structural isomers with
identical molecular weight.

Most of the derivatives isolated from purified API were previously
known, such as demethyl-27 or demethoxy-,28 seco-23 and prolyl-
rapamycin.29,30 However, several novel rapamycin congeners were
found, two of which are reported here, as an illustration of the utility
of the approach. The ethyl-rapamycin congeners at RRT 1.2 were
present in all API lots from CCSB investigated so far, although at
amounts well below the identification threshold of 0.10%. In general,
the level of fermentation by-products depends not only on the specific
strain used in fermentation, but also on timing and amount
of precursor feeding, as well as the purification procedures used for
API production. A more comprehensive analysis of the impurity
profiles of rapamycin from various vendors is beyond the scope
of this study and will be given elsewhere.

Both ethyl-rapamycin derivatives discovered here can be easily
rationalized as fermentation by-products. According to the biosyn-
thetic pathway of rapamycin,31–33 the methyl groups are the result of
acyltransferase incorporating a methylmalonyl-CoA extender unit.
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Consequently, ethyl-substituted rapamycin derivatives are the result of
incorporation of an ethylmalonyl-CoA extender. Novel rapamycin
derivatives have been generated previously using either chemical
modification,34–36 genetic engineering33,37 or were derived by precur-
sor-directed biosynthesis.22,30,33,38–40 These biosynthetic derivatives
usually comprise changes within the pipecolic-acid moiety, the
cyclohexene moiety or involve the methoxy and carboxyl groups of
the macrocycle. However, changes in the carbon skeleton of the
polyketide have not been reported so far. Hence, using the appropriate
biosynthetic precursors may broaden the scope of engineering of new
rapamycin derivatives. As the titer of many derivatives can be altered;
for example, by feeding biosynthetic precursors as nutrients during
fermentation,30,38,39 full structural characterization of fermentation
by-products is a requirement to minimize unwanted congeners. With
both ethyl-rapamycin derivatives present below the reportable level,
further in vitro potency or in vivo toxicological evaluation was neither
necessary for regulatory purposes nor feasible considering the sub-
milligram amounts available by isolation from purified API. However,
using the appropriate biosynthetic precursors, the amount of ethyl-
rapamycin congeners may be significantly increased, thus facilitating
isolation at larger scale; for example, directly from fermentation broth
to support various biophysical, in vitro and in vivo studies, which
require notably more material than the structure elucidation described
herein. To extend its utility, structure determination of low-level
impurities by the methodology described above can also be applied
to other rapamycin analog APIs, as well as to the identification of
drug metabolites present at low levels, and to the elucidation of
the structure of natural product precursors and degradants with
potentially novel bioactivity.
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