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Angiotensin I-converting enzyme (ACE) is a highly glycosylated
type I integral membrane protein. A series of underglycosylated testicular ACE (tACE) glycoforms, lacking between one and
five N-linked glycosylation sites, were used to assess the role
of glycosylation in tACE processing, crystallization and enzyme
activity. Whereas underglycosylated glycoforms showed differences in expression and processing, their kinetic parameters were
similar to that of native tACE. N-glycosylation of Asn-72 or
Asn-109 was necessary and sufficient for the production of
enzymically active tACE but glycosylation of Asn-90 alone
resulted in rapid intracellular degradation. All mutants showed
similar levels of phorbol ester stimulation and were solubilized at
the same juxtamembrane cleavage site as the native enzyme. Two
mutants, tACE∆36-g1234 and -g13, were successfully crystal-

lized, diffracting to 2.8 and 3.0 AH resolution respectively. Furthermore, a truncated, soluble tACE (tACE∆36NJ), expressed in
the presence of the glucosidase-I inhibitor N-butyldeoxynojirimycin, retained the activity of the native enzyme and yielded
crystals belonging to the orthorhombic P2 2 2 space group (cell
" " "
dimensions, a l 56.47 AH , b l 84.90 AH , c l 133.99 AH , α l 90m,
β l 90m and γ l 90m). These crystals diffracted to 2.0 AH resolution. Thus underglycosylated human tACE mutants, lacking
O-linked oligosaccharides and most N-linked oligosaccharides
or with only simple N-linked oligosaccharides attached throughout the molecule, are suitable for X-ray diffraction studies.

INTRODUCTION

veloped before it was realized that somatic ACE consists of two
homologous domains, the N and C domains, each containing an
active site. Biochemical and genetic studies have indicated that
the active sites are distinct and non-redundant. Therefore, highly
domain-selective ACE inhibitors may offer novel therapeutic
profiles.
The search for more selective inhibitors has proven difficult
due to the lack of a three-dimensional structure of the enzyme.
Limited success has been achieved using three-dimensional
quantitative structure–activity relationship studies [3] and NMR
[4] studies. However, the rational design of domain-selective
inhibitors requires more detailed information about the active
site and the interaction of inhibitors with the various subsites,
necessitating a high-resolution structure of the protein. Crystallization of ACE suitable for X-ray diffraction will likely require
removal or modification of the protein’s carbohydrates.
Previously, we have shown that inhibition of complex oligosaccharide formation by the glucosidase-I inhibitor N-butyldeoxynojirimycin (NB-DNJ) led to the production of an active
glycoform [tACE∆36NJ ; testicular ACE (tACE) lacking
N-terminal 36 residues (tACE∆36) and C-terminal cytoplasmic
and transmembrane domains] that was electrophoretically
homogeneous and a good candidate for crystallographic
studies [5].

Angiotensin I-converting enzyme (ACE ; EC 3.4.15.1) is a key
regulatory enzyme in cardiovascular pathophysiology. It is a
pivotal component of the renin-angiotensin system, converting
the inactive decapeptide angiotensin I to the octapeptide angiotensin II, a potent vasoconstrictor and a trigger for aldosterone
release. In addition, ACE inactivates the vasodilator bradykinin
and hence it is essential for regulating blood pressure and fluid
homoeostasis. There are two distinct forms of ACE : somatic
ACE, which is present in brush-border epithelial cells and
endothelial cells ; and the smaller germinal form, which is present
only in spermatozoa and is important in fertility. More recently,
an ACE homologue, ACE2, has emerged as another player in the
renin-angiotensin system. ACE2 appears to be involved in cardiac
function but does not directly affect blood pressure [1,2].
The clinical success of the first-generation ACE inhibitors,
such as captopril and enalapril, in the treatment of hypertension
and congestive heart failure is well established. However, adverse
events, notably persistent cough and skin reactions including
angioedema, occur in up to 20 % of subjects, limiting more
widespread use. Although angiotensin receptor blockers present
an alternative, their therapeutic profile is not identical to that of
the ACE inhibitors. First-generation ACE inhibitors were de-
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In this study, we used a combination of site-directed mutagenesis and enzyme kinetics to evaluate further the contribution
of the N-glycosylation sites of human tACE to processing and
enzymic activity, and to investigate whether these mutant proteins
are suitable for crystallization and X-ray diffraction studies.
Here we report for the first time the crystallization of tACE∆36NJ
and of the tACE glycosylation mutants tACE∆36-g1234 and
-g13.

MATERIALS AND METHODS
Construction of glycosylation mutants
Minimally glycosylated isoforms of human tACE were constructed by disrupting combinations of six of the seven potential
N-linked glycosylation sites. Glycosylation was disrupted by sitedirected mutagenesis of the site of attachment in the recognition
sequon (Asn-Xaa-Ser\Thr) through a conserved substitution
of the Asn to a Gln residue. A truncated form of tACE, lacking
the first 36 N-terminal residues (tACE∆36), was used for the
construction of all mutants [5]. tACE∆36 cDNA was divided
into four fragments and introduced into pGEM-11Zf(j) (GeneEditor ; Promega) to facilitate site-directed mutagenesis. An
Eco47III site was introduced into pGEM-11Zf(j) for cloning of
the first and second tACE∆36 fragments. A 146 bp BamHI\NheI-

Figure 1

digested pBR329 fragment that contained an Eco47III site was
ligated to BamHI\XbaI-digested pGEM. The following forward
(F) and reverse (R) mutagenic oligonucleotides were used for
altering the consensus sites for N-linked glycosylation : g1-F,
g2-F, g3-F, g4-F, g5-F, g6-F, g1-R, g2-R and g3-R, with the
number referring to each complementary recognition sequon :
1 (Asn-72), 2 (Asn-90), 3 (Asn-109), 4 (Asn-155), 5 (Asn-337)
and 6 (Asn-586 ; Figure 1). In the first fragment, a cDNA
containing a mutation at one site served as a template for the
mutagenesis of the second site, thus generating five variants with
either one or two sites out of the first three eliminated. The
fourth, fifth and sixth sites (Asn-155, Asn-337 and Asn-586) were
eliminated from fragments 2, 3 and 4, respectively, using primers
g4-F, g5-F and g6-F.
The nucleotide sequence of each fragment was confirmed by
sequencing to ensure that only the desired mutation had been
created. The four fragments were reassembled to produce eight
tACE∆36 glycosylation mutants (Figure 1).
The mutants were introduced into the mammalian expression
vector pLEN to facilitate the production of underglycosylated
tACE∆36 protein. The expression vectors pLEN-tACE∆36g(n),
where n defines the site-numbers that are glycosylated, were
stably expressed in Chinese hamster ovary (CHO) cells as
described previously [6]. Similarly, wild-type tACE (tACE-wt),

Schematic representation of tACE∆36 glycosylation mutants

N-glycosylation sites are indicated by boxes : always glycosylated (black), partially glycosylated (grey) and unglycosylated (white), as determined previously [5] ; sites (n) are numbered 1–7 from
the N-terminus. The N-terminal O-glycosylated region is shown as a stippled box. TM, transmembrane domain. Note that although the mutants are expressed with the TM and cytosolic domains
(except tACE∆36NJ), these are cleaved from the proteins during cell-mediated shedding.
# 2003 Biochemical Society
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retaining its 36-residue N-terminus as well as the transmembrane
region and juxtamembrane stalk, was stably expressed in CHO
cells [7]. A deletion mutant, tACE∆36NJ, truncated after Ser625, and thus lacking the cytoplasmic and transmembrane
domains as well as most of the juxtamembrane stalk, was described previously [5]. The vector pEE14-tACE∆36NJ was
transfected into CHO cells, and clones stably expressing the
mutant were amplified using methionine sulphoxamine (Sigma),
as described in [5].

Purification of glycosylation mutants and tACE∆36NJ
The soluble (released) glycosylation mutants were purified from
conditioned medium by affinity chromatography on a Sepharose28-lisinopril affinity resin as described in [6]. CHO cells expressing
tACE∆36NJ were grown in GMEM-10 (Life Technologies) containing 10 % dialysed fetal bovine serum (Life Technologies)
and 1.5 mM NB-DNJ (a gift from Dr F. Platt, University of
Oxford, Oxford, U.K.) [5]. Soluble tACE∆36NJ was purified by
affinity chromatography on a Sepharose-28-lisinopril affinity
resin as described in [6].

Western blot analysis of glycosylation mutants
tACE-wt, tACE∆36NJ and tACE∆36-g1, -g2, -g3, -g12, -g13,
-g23, -g123 and -g1234 (see Figure 1) were immunodetected by
Western blotting of cell lysates and harvested medium from
transfected CHO cells. Proteins were separated on SDS\PAGE
(10 % gels) and transferred to a nitrocellulose membrane
(Hybond-C ; Amersham Biosciences). The membrane was probed
with a polyclonal rabbit anti-human-tACE antibody. The membrane was developed using the ECL chemiluminescence kit
(Amersham Biosciences) and visualized on autoradiographic
film (Sigma) as per the manufacturer’s instructions.

Analysis of ectodomain shedding and cleavage sites
After selection for stable transfectants, kinetic analyses of rates
of accumulation of soluble (released) ACE activity and changes
in membrane-bound ACE activity were performed in the presence
and absence of 1 µM PMA (Sigma) [8]. Identification of the stalk
cleavage sites and analysis of the C-terminal glycosylation site in
the released (soluble) protein were carried out using limited
proteolysis and matrix-assisted laser-desorption ionization–timeof-flight (MALDI-TOF) MS by methods described previously
[8].
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(Sigma). Extensive crystallization trials using commercially
available crystal screen conditions (Hampton Research) were
attempted. In addition, (NH ) SO , poly(ethylene glycol)
%# %
(‘ PEG ’ ; Fluka) and 2-methyl-2,4-pentanediol (‘ MPD ’ ; Sigma)
matrices were used. The best crystals for these proteins were
grown at 16 mC by the vapour-diffusion hanging-drop method,
by mixing 2 µl of the protein solution at $ 11.5 mg\ml, in
10 mM Hepes and 0.1 % PMSF, with an equal volume of a
reservoir solution containing 15 % poly(ethylene glycol) 4000,
50 mM sodium acetate trihydrate (Sigma), pH 4.7, and 10 µM
ZnSO : 7H O (Aldrich).
%
#

RESULTS
Expression of tACE mutants in CHO cells and enzyme kinetics
The role of N-linked glycosylation in the expression and processing of tACE∆36 was investigated to establish the minimum
glycosylation requirements for the expression of correctly folded,
enzymically active protein. The eight tACE glycosylation mutants
were transfected into CHO cells and the effect of deglycosylation
on the activity, expression and processing of tACE∆36 was
assessed by enzyme assays, immunodetection and cleavage site
analysis.
Western blot analysis of cellular and soluble tACE∆36 glycoforms revealed proteins with increased mobility relative to
glycosylated tACE-wt (Figure 2), which was dependent on their
degree of glycosylation. Furthermore, differences were detected
in the expression and processing of the various glycoforms. The
levels of tACE∆36-g2 protein were low in the cellular extracts
(Figure 2A) and absent from the harvest medium (Figure 2B),
suggesting that this mutant was processed defectively and degraded intracellularly. Interestingly, whereas tACE∆36-g1 was
expressed in the cells at levels comparable with the other proteins
(Figure 2A), processing and solubilization were less efficient than
for tACE∆36-g3, -g123 and -g1234 (Figure 2B).
The Km and kcat values obtained for the hydrolysis of Hip-HisLeu by tACE glycoforms (Table 1) were in agreement with those
previously published for the C-fragment of the human endothelial
isoform (Km l 2.0 mM) [9]. Differences in the kinetic constants,
in particular the specificity constants of glycosylated and underglycosylated tACE∆36 mutants, were not considered sufficiently
different to reflect major alterations in the conformation and
activity of the protein. Glycosylation of tACE∆36 at one
(tACE∆36-g3) or two (tACE∆36-g13) N-terminal glycosylation
sequons was sufficient to maintain the functional integrity of the

Determination of kinetic constants for tACE hydrolysis of hippurylL-histidyl-L-leucine (Hip-His-Leu)
Enzyme was purified from harvest medium via affinity chromatography on a Sepharose-28-lisinopril affinity resin and rates
of substrate hydrolysis were determined. Assays were performed
in 100 mM potassium phosphate buffer, pH 8.3, containing
300 mM NaCl. Initial velocities were calculated over a range of
Hip-His-Leu (Sigma) concentrations (0.2–5.0 mM) under initialrate conditions, and fitted to the Michaelis–Menten equation.
Km and Vmax values were determined by non-linear regression
analysis. Turnover numbers (kcat) and specificity constants
(kcat\Km) were determined using a calculated molecular mass of
100 kDa.

Crystallization of ACE mutants
The purified tACE∆36NJ and tACE glycosylation mutants were
stored at k20 mC in 10 mM Hepes (Sigma) and 0.1 % PMSF

Figure 2

Expression of tACE∆36 glycosylation mutants

Proteins were immunodetected from detergent-solubilized cells (A) and from harvested medium
(B) with rabbit anti-human-tACE antibody (at 1 : 2000 dilution). The estimated protein sizes are
indicated. Lanes contain tACE∆36 (∆36), ACE glycosylation mutants tACE∆36-gn, where
n represents the N-glycosylation sites (see Figure 1), and untransfected CHO cell control.
# 2003 Biochemical Society
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Table 1 Kinetic parameters for the hydrolysis of Hip-His-Leu by various
tACE glycoforms

Table 2 Mass spectral analysis of C-terminal endoproteinase Lys-C
peptides

CHO cells expressing tACE∆36NJ were grown in the presence (j) or absence (k) of the
glucosidase-I inhibitor NB-DNJ. Data are meanspS.E.M. from triplicates and assay conditions
were as described in the Materials and methods section.

Soluble (shed) tACE proteins were purified from conditioned medium of transfected CHO cells,
digested with endoproteinase Lys-C and analysed by MALDI-TOF MS. Amino acid residue
numbering refers to tACE-wt [7]. Shown are the masses of the penultimate (*) and ultimate (†)
C-terminal peptides. All values are calculated for protonated isotopically averaged molecular
masses m/z. In parentheses are the expected masses.

tACE glycoform

Km (mM)

kcat (s−1)

kcat/Km
(s−1 : mM−1)

tACE
tACE∆36-g1
tACE∆36-g3
tACE∆36-g13
tACE∆36-g2
tACE∆36-g12
tACE∆36-g123
tACE∆36-g1234
tACE∆36NJ (jNB-DNJ)
tACE∆36NJ (kNB-DNJ)

2.7p0.67
1.6p0.40
2.5p0.67
2.7p0.82
–
2.1p0.41
2.9p1.03
1.5p0.18
2.6p0.37
4.1p0.47

196p23
128p11
115p14
170p25
–
195p15
210p37
85p3.2
253p15
310p18

69
79
45
63
–
94
71
56
99
76

Peptide
(residue no.)
598–613*
614–627†
614–625†

Figure 4
Figure 3
activity

tACE∆36-g1

tACE∆36g-13

tACE∆36-g1234

tACE∆36NJ

1951.6 (1951.2)
1689.7 (1690.8)

1950.6 (1951.2)
1690.5 (1690.8)

1950.2 (1951.2)
1690.9 (1690.5)

1951.5 (1951.2)
1463.1 (1463.5)

Orthorhombic crystals of tACE∆36NJ

Effect of phorbol ester on the levels of soluble (shed) tACE

Results are expressed as a percentage of total (solublejcell-associated) ACE activity. Black
bars are in the presence and white bars are in the absence of phorbol ester. Results are shown
for wild-type tACE (tACE), tACE∆36 (∆36) and glycosylation mutants tACE∆36-gn (see
Figure 1).

enzyme. Furthermore, treatment of cells expressing tACE∆36NJ
with the glucosidase-I inhibitor NB-DNJ did not alter the kinetic
properties of the expressed enzymes (Table 1).

m\z 1689.7, 1690.5 and 1690.9, respectively (Table 2), which
were in close agreement with the theoretical mass of the
C-terminal peptide (calculated m\z, 1690.8).
Thus, for tACE∆36-g1, -g13 and -g1234, proteolysis occurred
between Arg-627 and Ser-628, which is the same site as in tACEwt. The spectra of the mutant tACE∆36NJ revealed an [MjH]+
ion at m\z 1463.1, which corresponded to the calculated mass of
the peptide Leu-614–Ser-625, confirming that truncation occurred at Ser-625 and that there was no further limited proteolysis
of the C-terminus (Table 2).

Ectodomain shedding of tACE and analysis of juxtamembrane
cleavage sites

Crystallization of ACE mutants

Independent transfections of CHO cells with tACE∆36-g1, -g12,
-g123 and -g1234 were performed, which yielded consistent
results for each mutant (Figure 3). All glycosylation mutants
showed similar levels of phorbol ester stimulation.
Thus N-linked glycosylation did not appear to affect solubilization (i.e. shedding) of the membrane-anchored enzyme.
Further protein analysis was performed to (i) identify the Cterminal peptide to determine whether cleavage of tACE∆36-g1,
-g13 and -g1234 occurred at the same bond as in tACE and (ii)
investigate the glycosylation status of the seventh recognition
sequon, which lies seven residues proximal to the tACE cleavage
site. The mass spectra of endoproteinase Lys-C-digested peptides
of tACE∆36-g1, -g13 and -g1234 revealed three [MjH]+ ions of

We have successfully crystallized tACE∆36NJ (Figure 4), as well
as the tACE∆36-g1234 and tACE∆36-g13 mutants, under similar
conditions. Crystals usually appeared within 2 weeks and grew to
their maximum size after $ 1 month. The tACE∆36NJ crystals
belonged to the orthorhombic P2 2 2 space group, with one
" " "
molecule in the crystallographic asymmetric unit and some 49 %
of the crystal volume occupied by the solvent (cell dimensions,
a l 56.47 AH , b l 84.90 AH , c l 133.99 AH , α l 90m, β l 90m and
γ l 90m). These crystals diffracted to better than 2.0 AH resolution
on a Synchrotron source. Preliminary diffraction experiments
have shown that the tACE∆36-g1234 and tACE∆36-g13 crystals
diffracted to at least 2.8 and 3.0 AH resolution, respectively, and
these crystals were isomorphous with the tACE∆36NJ crystals.
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DISCUSSION
Previous studies established that human tACE∆36NJ expressed
in the presence of the glucosidase inhibitor NB-DNJ could be
deglycosylated enzymically, while still maintaining its structural
and functional integrity. This proved to be a good candidate for
crystallization studies, but low yields prompted us to investigate
further the expression and crystallization of other tACE∆36
glycoforms.
It is known that the O-linked sugars in human tACE are
not necessary for expression, implicating the N-linked sugars
in this role [10]. There are seven potential N-linked sites in
human tACE, five of which are complementary to the sites
in rabbit tACE [5]. The unique sites in human tACE lie within the
ectodomain (the fourth site) and in the juxtamembrane stalk
region, adjacent to the cleavage site (seventh site). As with the
rabbit enzyme, there appears to be a preference for glycosylation
at the N-terminus [5]. In the present study, the minimum
glycosylation requirements for the expression and processing of
enzymically active human tACE were determined by progressive
deglycosylation. To investigate which sugars are vital for tACE
expression, a series of mutants were constructed that contain a
limited number of sites for N-linked glycosylation. N-glycan
recognition sequons within the protein sequence were disrupted
by mutagenesis of the asparagine to a glutamine residue within
the sequon.
Unglycosylated tACE-wt expressed in the presence of tunicamycin is not shed, since it requires the presence of N-glycans
for proper expression, maturation and processing (results not
shown). However, our studies revealed that the removal of a
large percentage of these glycans did not impair the expression of
enzymically active tACE∆36, and that the presence of glycans at
two of the three N-terminal sites was sufficient to produce
protein that retained the kinetic properties of the native enzyme.
Furthermore, the minimum N-linked glycosylation that enabled
expression of enzymically active tACE was the presence of
glycans at either the first or the third site. Glycosylation at either
of these sites appeared to be sufficient for protein folding,
whereas glycosylation of only the second site resulted in rapid
intracellular degradation. This is in agreement with the glycosylation requirements of active rabbit ACE expressed in mammalian cells and in yeast, which also had a minimum requirement
of at least one of the three N-terminal sites [11].
Interestingly, in the rabbit enzyme, mutants that had either the
first or second site intact were expressed as active proteins. In
contrast, glycosylation at the third site alone was not sufficient to
produce active protein in HeLa cells, although this mutant was
expressed in yeast [11], indicating that glycosylation requirements
differ slightly for ACE from different species and are also cellspecific.
In a recent study, Nachon et al. [12] produced a minimally
glycosylated recombinant monomeric butylcholinesterase (BchE)
suitable for X-ray crystallographic studies. They showed that the
mutant, lacking four out of nine N-glycosylation sites, as well as
the C-terminal tetramerization domain, exhibited similar kinetic
parameters to the native enzyme. However, the suppression
of sites towards the N-terminus resulted in reduced relative
expression levels and intracellular retention of the enzyme.
Other glycoproteins that show a similar preference for
N-linked glycosylation at the N-terminus include vasoactive
intestinal peptide I receptor [13] and parathyroid-related peptide
receptor [14].
In the construction of the tACE∆36 glycosylation mutants, the
seventh C-terminal site, which is not present in rabbit tACE, was
not targeted as it has been shown to be unglycosylated in human
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tACE [5]. With the removal of the N-terminal glycosylation
sequons it is possible that this site may become glycosylated to
compensate for the loss of oligosaccharide chains. However, our
MALDI-TOF mass spectra data indicate that this does not
occur, since our analyses only revealed the unglycosylated
C-terminal peptide containing the seventh glycosylation site.
Generally, there is a preference for oligosaccharides to be
attached to sequons containing threonine residues rather than
serine residues. This was also observed in human tACE, where
all sequons with a serine in the third position were partially
glycosylated and those with threonine were fully glycosylated.
An exception was the seventh site, which was unglycosylated
despite the presence of a threonine in the third position [5].
Oligosaccharyl transferase-mediated attachment of oligosaccharides occurs when the sequon adopts an Asx turn. The
tryptophan in the second position of the seventh sequon, which
has a bulky aromatic ring in the side chain, may preclude the
formation of the Asx turn, thereby preventing glycosylation at
this site [15]. This interpretation is supported by the finding that
a tACE stalk deletion mutant, tACE-∆6, which generated a
novel Asn-Arg-Ser sequon adjacent to the wild-type cleavage
site, was glycosylated [16].
Enzymic removal of N-linked glycans was used to produce
crystals of CD2 glycoprotein that diffracted to 2.5 AH [17].
However, we found that crystallization trials with deglycosylated
tACE∆36NJ that had a single GlcNAc residue attached to the
asparagine residue of the N-linked site only produced needle-like
crystals that were not suitable for further diffraction studies
(E. D. Sturrock, A. C. Papageorgiou and K. R. Acharya, unpublished work).
Surprisingly, tACE∆36NJ expressed in the presence of NBDNJ, but retaining the simple high-mannose oligoccharides
(Glc Man GlcNAc ), yielded the best crystals for X-ray diffrac$
(
#
tion studies and these have been used to solve the structure
of tACE at a resolution of 2.0 AH [18]. The kinetic properties of the
tACE∆36NJ mutant were not influenced by NB-DNJ treatment,
in accordance with the previous finding that the Km values for
glycosylated and deglycosylated forms of tACE∆36NJ were
identical with the Km for tACE-wt, using furanacryloyl-Phe-GlyGly as a substrate [5].
Glucosidase inhibitors, at concentrations required to block
trimming of the terminal glucose residues and subsequent complex oligosaccharide formation, can affect cell maturation and
apoptosis [19]. This treatment also results in a decrease in protein
expression (E. D. Sturrock and S. L. Schwager, unpublished
work). Therefore, we also used mutants lacking some of the
C-terminal N-linked glycans, with the objective of producing
proteins with a minimal number of oligosaccharides that would
crystallize in a reproducible fashion. Crystals of glycosylation
mutants g13 and g1234 were grown under similar conditions to
those for tACE∆36NJ. The glycosylation-mutant crystals grew
faster than tACE∆36NJ crystals and were smaller in size, but
have also proved to be suitable for diffraction work.
In conclusion, our data indicate that the key to producing
diffraction-quality crystals of human tACE (which is identical to
the C-domain of somatic ACE) consists of reducing the number
or the complexity of N-linked oligosaccharides, in addition to
deleting the N-terminal 36-residue O-glycosylated sequence and
eliminating the C-terminal cytoplasmic and transmembrane
domains (recombinantly or by cell-mediated shedding). These
modifications produce stable, enzymically active ACE mutants
that generate crystals which diffract up to 2.0 AH resolution.
This work was supported by the Wellcome Trust (U.K.) Collaborative Research
Initiative grant 054534 to E. D. S. and K. R. A., project grant 060935 to K. R. A. and
an NRF (South Africa) grant to E. D. S. We thank the staff at the synchrotron radiation
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