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Zinc is an important component of many proteins that play key roles in transcription, translation, and
catalysis. Kti11p, DESR1, both belonging to a protein family characterized by a CSL zinc finger domain,
and the co-catalytic zinc-protein PML containing a Zn?* binding domain called RING or CsHC,4 finger
are all structurally determined by NMR although the zinc sites are silent to this spectroscopical method.
The comparison of X-ray absorption near-edge spectroscopy (XANES) data for the three proteins demon-
strates that fingerprints effect is a reliable method for a primary characterization of ligand species. Ab ini-
tio full MS calculations performed by MXAN are applied to obtain chemical and stereo structural
information around the Zn ion in Kti11p. For the first time this high-spatial resolution technique confirms
the formation of a stable Zn tetrahedral configuration with four sulfur ligands, and returns extremely
accurate bond angle information between ligands.

© 2008 Elsevier Inc. All rights reserved.

It is well known that Zn-proteins play important roles in many
biological processes, such as transcription, translation and catalysis
[1,2]. These functions depend on the subtle structures around the
metal ions, including the ligand species and coordination geome-
try. However, limited structural information is available, mainly
because Zn ion is silent to standard spectroscopical techniques
used to characterize proteins such as nuclear magnetic resonance
(NMR) and electron spin resonance (ESR). Zn is usually coordinated
with N, O, and S atoms of His, Asp, and/or Cys ligands and there are
three kinds of Zn motifs with different ligands and coordination
geometries: (i) catalytic, (ii) co-catalytic, and (iii) structural [3,4].

Based on the above description, a site-selective, high-spatial
resolution technique is needed to reconstruct the local stereo
structures around the metal ions, including ligand species and
coordination geometries, in order to identify a correlation with
biological functions. X-ray diffraction and NMR are widely used
methods capable to resolve the protein structures. However, at
low resolutions they are not capable to obtain subtle information
of the local structures. Moreover, different from other transition
metals such as copper, iron, manganese, and cobalt, zinc is silent
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to NMR for its full electron 3d-shell. However, X-ray absorption
spectroscopy (XAS) is a technique associated to single and multiple
scattering processes in a local cluster around the photoabsorber
atom. Thus it is really a powerful method to provide high-spatial
resolution structural information combined to partial and local
Density of State information. It has also limited experimental de-
mands and may investigate samples in solutions, as powders or
crystals [5-13].

Kti11p is a small, highly conserved CSL zinc finger-containing
protein found in many eukaryotes [14]. It was identified as one
of the factors required to confer sensitivity of Saccharomyces cere-
visiae to Kluyveromyces lactis zymocin [15,16]. Kti11p is an impor-
tant protein for the synthesis of diphthamide, the target of
diphtheria toxin and Pseudomonas exotoxin A [17]. Disruption
and mutagenesis of KTI11p will result in the tot phenotype, includ-
ing zymocin resistance [16].

Several investigations of Kti11p were performed, but its struc-
ture was unsolved until recent NMR results were published [14].
For its novel structure it was suggested that Kti11p may represent
a new form of the zinc ribbon fold group in the zinc fingers data-
base [18]. However, as addressed before, no definite Zn position
was identified by NMR. EXAFS data of the Zn K-edge of Ktillp
showed that Kti11p contains a Zn(Cys), motif, in which four con-
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served cysteine residues coordinate with a single zinc ion in a tet-
rahedral configuration [14].

EXAFS is a well-recognized method capable to determine accu-
rate bond distances and coordination numbers in different systems
and conditions. It supported the numerical reconstruction of many
complex systems [11,19,20]. However, when compared to XANES
spectroscopy it has a high demand of signal-to-noise ratio. Besides,
it is not sensitive to the stereo structure and the chemical nature
when dealing with biological systems [21]. However, the finger-
prints capability of XANES easily supplies direct information of
coordinated atomic species and configurations. Furthermore,
thanks to the contribution of multiple scattering processes in this
range, a new package named MXAN, based on a XANES quantita-
tive analysis sensitive to bond angles, species of ligands and geom-
etries, was successfully applied to a large number of complex
systems [8,10,22]. It returns the 3D structures which are certainly
correlated with functions and activities of biological systems.

As mentioned by Clark-Baldwin et al., there are XANES differ-
ences occurring in different types of ligands around zinc such as
S4, S3N, S2N,, but they could not be distinguished in organic system
as easily as in different inorganic models [23]. Combining experi-
mental data of other proteins such as the homologous protein
DESR1 [24], and the co-catalytic zinc-protein PML containing a
Zn ion binding domain called RING or C3HC,4 finger [25], we dem-
onstrate how XANES fingerprints effect may differentiate different
zinc motifs in proteins like what mentioned by Clark-Baldwin et al.
Furthermore, using the novel software package MINUIT XANES
(MXAN) in the framework of the ab initio full multiple scattering
(MS) theory, previously tested on other biological structures
[21,26-31], a quantitative analysis has been performed on Ktil1p.

Materials and methods

Cloning, expression and purification of Kti11p have been previ-
ously reported [14]. KTI11 from S. cerevisiae S288C was cloned into
a pET-28a(+) expression vector (Novagen) to give an N-terminal
methionine followed by a valine and a 6xHis tag at its C terminus.
It was then rebuilt to Escherichia coli BL21 (DE3) Gold (Stratagene)
host cells, which was induced when Agypo=1.0 in M9 medium.
1 mM IPTG and 20 uM ZnSO, were added at 16 °C for 20 h for
the expression. Purification was done by a Nickel-Chelating Se-
pharose Fast Flow (Amersham Pharmacia Biotech). Then the sam-
ple was filtered in a HiLoad 16/60 Superdex 75 with an HPLC
system (Amersham Pharmacia Biotech). The use of SDS-PAGE sup-
ported the purity of the protein and BCA Kkits (Pierce) were em-
ployed to measure the sample concentration.

XAS measurements were performed at the X-ray absorption sta-
tion of the beamline 4W1B at the Beijing synchrotron radiation
facility (BSRF). The typical energy of the storage ring was 2.2 GeV
with a current decreasing from 120 to 80 mA during experiments.
Data were collected in the “fluorescence yield” (FY) mode using a Si
(111) double crystal monochromator.

To minimize the higher harmonics content, a detuning of 30% of
the monochromator crystals was performed. An ionization cham-
ber flowed by 25% argon and 75% nitrogen was used to monitor
the incident beam intensity (Ip), and a Lytle detector flowed by ar-
gon was used to record the fluorescence signal (If). To ensure the
liability of the experiment, both solution and powder samples were
measured consecutively twice. The solution was kept in a cell
sealed by Kapton films and with a Teflon spacer of 1.2 mm. Free-
dried powder sample was pressed into a sheet to get a well-pro-
portioned distribution for a better signal-to-noise ratio. No changes
among consecutive XAS spectra of each sample have been de-
tected. Furthermore, samples measured in different states exhibit
the same behavior suggesting that radiation damage is absent or

negligible for these experiments with monochromatic radiation
and no changes of the local structure around the metal ion of this
protein have been observed.

Results
XANES fingerprints

Looking at the XAS spectrum of Kti11p (Fig. 1), five features are
easily recognized in the spectrum. The first three peaks: A, B, and C
are produced by the photoelectrons excited in the first atomic
shell, due to MS resonances. As a consequence they have a strong
affinity with both geometry and species existing in the first atomic
coordination.

Besides, a comparison between XANES spectra of Killp, its
homologous protein DESR1 and the co-catalytic PML protein was
also made. Kti11p and DESR1 both have a Zn ion coordinated with
four sulphur atoms in a tetrahedral geometry, while PML has two
zinc sites one of which is coordinated by three sulphur atoms
and one nitrogen atom [24,25]. It is obvious that only minor differ-
ences are detectable in the XANES spectra of the PML protein
around the feature B, the amplitude of which is relatively lower
than that in others. A similar behavior is detectable for the feature
B, in the difference spectra of Kti11p with DESR1 and PML. It could
be assigned to the nitrogen atom in one of the zinc motifs in PML,
which shows a good correspondence with what mentioned by
Clark-Baldwin et al. [23]. Actually, our work confirms the reliability
of the XANES fingerprints technique to identify specific metal local
structures in proteins belonging to the same series.

MXAN calculations

MXAN (MINUIT XANES) is a software package capable to per-
form a quantitative analysis of a XANES spectrum from the absorp-
tion edge up to about 200 eV. It can extract detailed structural
information around the zinc ion site via a comparison of experi-
mental data and theoretical calculations generated by changing
relevant geometrical parameters of the atomic sites [32-34]. This
package searches for a minimum of the square residue function
in the space of the parameters defined as:
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Fig. 1. Comparison between Zn K-edge XANES of: Kti11p protein, its homologous
DESR1 and the co-catalytic PML. The magenta and the blue lines at the bottom of
this figure outline differences for Ktil1p with DESR1 and PML (Kti11p-DESR1,
Kti11p-PML), respectively.
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which is an important criterion to evaluate the result. In Eq. (1), n is
the number of independent parameters, m is the number of data
points, y" and y;**P are the theoretical and experimental absorption
values respectively, ¢; is the individual error in the experimental
data set and w; is a statistical weight. When w; = constant = 1, the
square residual function S? reduces to the statistical y? function.
The X-ray absorption cross-sections have been calculated using
the full multiple scattering scheme in the framework of the muf-
fin-tin (MT) approximation for the shape of the potential [35,36].
In this case, the exchange and the correlation part of the potential
have been determined on the basis of the local density approxima-
tion of the self-energy. Inelastic processes were accounted for by a
convolution with a broadening Lorentzian function having an en-
ergy-dependent width of the form I'(E) = I'c + I'm¢p( E). The constant
part I'. accounts for both the core-hole lifetime (1.8 eV) [37] and
the experimental resolution (1.5 eV), while the energy-dependent
term represents all the intrinsic and extrinsic inelastic processes
[22,32,38]. The MT radii were chosen according to the Norman cri-
terion with a 15% overlap [39,40]. Essentially, the influence of these
non-structural parameters will result in an increase of a few per-
centages of the error value in the structural parameters’ determina-
tion. The method takes into account MS events in a rigorous way
through the evaluation of the scattering path operator [35,41] and
its reliability has been successfully tested over the years in many
different applications [22,32,42,43].

According to one structural model of Kti11p in the Protein Data
Bank, a cluster containing 39 atoms within 5.3 A from the zinc ion
has been chosen for further analysis (see details in Supplementary
Material). S? for the initial model is 7.3 (Fig. 2A). According to Eq.
(1), XANES reproduced by initial model did not have a good consis-
tent with the experimental data.

We defined four ligands according to the local structure with
four nearest sulphur atoms and each Cys residue was allowed to
move rigidly with the sulphur atom they contained. For each ligand
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the bond distance R and the two angles 0 and @ of the polar coor-
dinates were allowed to search for the optimized position [44]. The
initial values of these parameters from the chosen model are listed
in Tables 1 and 2. However, the angles 0 and & of the ligand1, i.e.
Cys26, were fixed to prevent unphysical displacement of the four
ligands. The position of the ligand1 has been also used as the ref-
erence system of the other displacements. The best fit achieved
by MXAN is compared with the experimental data with S? of 2.2
(Fig. 2B). MXAN distances are listed (Table 1) together with the EX-
AFS parameters supplied by Sun et al. [14] and 0 and @ of the four
main ligands as available by XANES are listed in Table 2. The error
bars for all parameters obtained by MXAN are also showed accord-
ing to the best file provided by MXAN. The error values presented
in Tables 1 and 2 include the influence of those non-structural
parameters defined in MXAN and the correlation between these
structural parameters [8,27,45]. The distances returned by MXAN
and EXAFS are in excellent agreement, addressing a relevant con-
sistency between these two XAS contributions one associated to
SS scattering contributions and the other sensitive to MS paths.
The revised Zn local structure of Kti11p is outlined in Fig. 3. A com-
pact tetrahedral geometry is stable enough to avoid other atoms or
molecules such as water to enter. It may explain why this particu-
lar kind of protein, characterized by a compact structural Zn site,
does not show catalytic activities.

Table 2
Comparison of 0 and @ angles for the four conserved cysteine residues of the PDB
with MXAN data

Cys26-Pro27 Cys28-Gly29 Cys48 Cys51-Ser50-Ser52
0 PDB -33.8 158.4 774 228.7
MXAN  -33.8 172.4+8.0 684+7.0 2453%5.0
¢ PDB 1183 1344 62.1 40.3
MXAN 1183 129.7+6.7 68.7 £6.2 43.7£5.0
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Fig. 2. Comparison of Zn K-edge XANES experimental data of Kti11p with simulations obtained with the parameters of the initial model (A) and best fit results (B). At each

figure of the bottom the difference between the XANES spectra.

Table 1

Comparison of the distances between the Zn?* and the four S atoms from the four conserved cysteine residues as obtained by PDB, EXAFS, and XANES

Zn-SG (Cys26) (A)

Zn-SG (Cys28) (A)

Zn-SG (Cys48) (A) Zn-SG (Cys51) (A)

PDB 2.18 2.28
EXAFS 2.31 231
XANES 2.30+0.02 2.29 £0.02

2.32 242
231 2.31
2.30+£0.02 2.29+0.02
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Fig. 3. The local structure around the Zn ion in the Kti11p as obtained by MXAN.
Sulfur, carbon, nitrogen, and oxygen atoms are yellow, grey, blue, and red spheres,
respectively. The four thin solid lines refer to the four S bond distances around the
Zn ion. (For interpretation of the references in colour in this figure legend, the
reader is referred to the web version of this article.)

Discussion

The subtle differences of spectra for the experimental data and
the best fitting result in Fig. 2B occur in the region of feature B and
C just above the absorption edge. Their origin may be associated to
small changes of the potential probed by the photoelectrons. Actu-
ally, in this energy region just above the absorption edge, the rela-
tively low energy of the photoelectron and its long mean free path
make it extremely sensitive to details of the potential. Due to the
muffin-tin approximation used in our simulations [35,36], it is dif-
ficult to reproduce an accurate potential in the low energy region.
However, the results obtained already represent a significant
improvement and better support the understanding of biological
processes in which the Kti11p protein is involved.

Above all, with the advent of ab initio full multiple scattering
(MS) method, new possibilities emerge for accurate structural
analysis and, in particular, new packages such as MXAN allow deal-
ing much more complex structural problems. Combining the un-
ique XANES fingerprints capabilities and accurate computational
tools such as MXAN important structural reconstructions can be
achieved as showed in this contribution. It represents not only a
convenient way for biologists to identify specific Zn local struc-
tures and reconstruct them with high accuracy, but a significant
progress in an area where these information can be really useful
for other researches such as those addressing the chemical pro-
cesses involving these important biological systems.
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