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An accurate and practical method for the calculation and use of thermal x-ray absorption fine structure
(XAFS) Debye-Waller factors(DWFs) in active sites of metalloproteins is presented. These factors are calcu-
lated on model clusters within the local density functional approximation with nonlocal corrections. The DWFs
are mapped out and parametrized as a function of the first shell distance and an angle(where applicable), for
all significant single and multiple scattering paths, as well as the sample temperature. This approach is applied
to the biologically essential but spectroscopically silent Zn+2 active sites composed of histidines, cysteines, and
carboxylate ligands in homogeneous and heterogeneous environments. Detailed analysis of the relative scat-
tering paths for Zn metalloproteins using projected vibrational density of states further explain why these paths
are not detectable by XAFS for first shell metal-ligand distances above a “cutoff” value.
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I. INTRODUCTION

A. Background

X-ray absorption fine structure(XAFS) spectroscopy1,2 is
an important tool that can be used to obtain structural and
electronic information of a sample in both crystalline and
noncrystalline forms. In recent years substantial progress has
been reported3,4 in calculating the photoelectron single(SS)
and multiple-scattering(MS) aspects of XAFS. Calculation
of the essential vibrational properties in XAFS has generally
lagged because of the difficulty of performing sufficiently
accurate calculations of the forces between atoms. We have
developed practical and generalizable models using theab
initio density functional theory(DFT)5–7 to calculate accu-
rate XAFS SS and MS parameters for active sites of metal-
loproteins. These models here are applied to Zn+2 active
sites. Zn+2 possesses filledd orbital sd10d and thus is spec-
troscopically silent to most spectroscopies such as
ultraviolet8-visible9 and electron paramagnetic resonance.10

In the absence of a crystal structure, characterization of Zn+2

sites is extremely difficult. However, since in XAFS there are
no spectroscopically silent atoms and all sufficiently heavy
atoms can be studied, XAFS has found frequent application
in the characterization of biological Zn+2 active sites.

The XAFS Debye-Waller factor(DWF) accounts for the
structural and thermal disorder of a sample. In the simplest
case(small or Gaussian disorder) it is expressed in the form

e−2k2s j
2

wheres j
2 is the mean square variance(MSV) of the

j th photoelectron half-scattering path, and"k is the photo-
electron momentum. Evidently its influence is most impor-
tant at higherk. The DWF of a given path is a function of the
normal mode phonon spectrum and depends on the vibra-
tional eigenfrequencies and eigenvectors of the system under
investigation.

The actual number of SS and MS paths depends on the
local interatomic distribution in the sample. In cases where
the absorbing atom is almost collinear with two scattering
atoms, the MS scattering is strongly enhanced(“focusing
effect”) and will contribute substantially to the XAFS spec-
trum. This often occurs in active sites of metalloproteins,

causing the total number of scattering paths to be on the
order of several hundred. It is well known that experimental
XAFS data can only support a limited number of fitted pa-
rameters, i.e., 2DkDR/p+2.20–30,11 where Dk
.10–12 Å−1 and DR.3–4 Å are thek- and R-space data
ranges. For metal foils like Pt and Cu this number could
slightly increase up to 32–34 parameters.12 Additionally, in
many cases where multiple scattering dominates these pa-
rameters are highly correlated with each other. Therefore
these factors must be accurately known from an alternative
source in order to quantitatively fit XAFS experimental data.
Our work is an attempt to directly address this problem. Ide-
ally the electronic structure calculation and the vibrational
calculations would be carried out in the same programs, but
until such codes are available the hybrid approach shown
here demonstrates the potential viability of such an approach
and provides usable results.

Metalloproteins appear in various natural states such as
solutions and membranes, and also in crystalline forms. The
term “active site” of a metalloprotein refers to an area in the
vicinity of the metal atom of a metalloprotein that includes
ligands from the amino-acid residues of the protein coordi-
nated to the metal atom.13,14 Various important protein func-
tions such as oxygen transport, electron transfer, and oxida-
tion depend on the structure of the active site. Binuclear or
multinuclear metal sites and metal binding to other cofactors
is also common, but are a topic of future studies and beyond
the scope of this article. DWF calculations on the
Zn+2-tetraimidazole complex have been reported using both
self-consistent(SCF) methods,15,16 and force field models
(FFM).17–19 These calculations were an alternative to the
single parameter Einstein or Debye models, which fail to
describe either SS scattering and MS scattering paths in sys-
tems with heterogeneous bond strengths.20

We have found DWF calculations using DFT to be pref-
erable over other SCF or FFM methods because of DFTs
consistency and accuracy. However, DFT calculations on
large active sites are not always practical or even possible.
Poor SCF energy/geometry convergence, high CPU demand
(execution times typically scale asN3 whereN is number of
basis functions used) and possible saddle points in the poten-
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tial energy surfaces for arbitrary geometries lead us to inves-
tigate alternative approaches for the DWF calculation.

A practical method that enables DWFs to be expressed as
a function of first shell distanceR and temperatureT has
been reported.21 It is based on the observation that a reduced
structure can be used to estimate the DWF parameters of a
large active site(Ref. 15). This model described sites that
consisted of Zn coordinated to histidine ligands, and pro-
vided accuracy sufficient for use with XAFS data analysis.
The parametrizations permit use of these functions in a fit-
ting procedure to analyze XAFS data, without the need for
experimenters to perform any DFT calculations themselves.
Since, apart from the temperature, the DWFs are expressed
using only one additional parameter(the first shell distance),
we refer to this as a one parameter model for calculation of
the DWFs.

Zn amino-acid structures appear as Zn+2, most often bind-
ing histidines (His), cysteines(Cys), and aspartic(Asp)/
glutamic (Glu) acid ligands(Ref. 13). The latter two amino
acids residues form mono- or bidentate conformations22,23

with Zn binding to oxygen atom(s) of the carboxylate
groups. With the exception to histidine ligand, in the other
three amino-acids, the angle defined by the positions of the
metal absorbing atom and two scatterers in the ligand may
vary significantly due to steric hindrances, hydrogen bonding
between residues, and other effects. In these cases the one
parameter model will not be adequate to describe the DWFs
of this particular model-ligand conformation. A two param-
eter model is needed to describe the dependence of the DWF
on the first shell distance and an angle. Parametrization in
this case is more complicated. In this paper we evaluate such
a model for Zn-cysteine coordination[Fig. 1(a)] whereas Zn-
carboxylates(Asp/Glu) [Fig. 1(c)] are represented by the
same one parameter model accounting for symmetric biden-
tate conformations. The more complicated monodentate
model will be presented elsewhere.

Another situation discussed here is when a metalloprotein
has at least two different types of ligands(heterogeneous
ligation). In this case it may not be possible to clearly resolve
the first shell distance, thus the first shell DWFs might not be
known from experimental XAFS spectra. The latter was pre-
viously used as an additional refinement parameter in the one

parameter Zn-histidine model(Ref. 21) to compensate for
ring deformations due to different dynamics among the one
ring and four ring case. An improved Zn-histidine model that
predicts the first shell DWF at high accuracy is also pre-
sented here, and together with the Zn-cysteine and Zn-
carboxylate models, they are applied to a series of DFT op-
timized structures, including active sites with homogeneous
and heterogeneous ligation.

B. Multiple scattering XAFS Debye-Waller factors

The mean square variances j
2 of an arbitrary SS or MS

half scattering pathj with respect to a central 0th absorbing
atom at Gaussian disorder is given by(Ref. 20):

s j
2 =

1

2o
n 51

4 o
k,l=0

kÞl

j

R̂kl ·F eksnd
Îmk

−
elsnd
Îml

G6
2

kQn
2l, s1d

whereR̂kl=Rkl / uRklu are the unit vectors for the equlibrium
interatomic distance between atomsk and l, eksnd are the
normal mode eigenvectors,mk is the mass of thekth atom in
the cluster, and the mean square variancekQn

2l in the nth
normal mode is given by

kQn
2l =

"

2vn
cothS "vn

2KBT
D s2d

andvn is the corresponding phonon normal mode frequency
for moden. The first equation can be written as

s j
2 =

1

2m j
o
n

r jsndkQn
2l, s3d

where r jsnd is the projected vibrational density of states
(VDOS) (Ref. 17) that contributes to thes j

2, defined as

r jsnd ; m jo
m 31

4 o
k,l=0

kÞl

j

R̂kl ·F eksmd
Îmk

−
elsmd
Îml

G4
2

dsvm − vnd

s4d

andm j is the reduced mass of the path used to unit normalize
r jsnd, i.e., o jr jsnd2=1. The projected VDOS as defined by
Eq. (4) can be interpreted as the probability that the displace-

ment state defined by the vectorsR̂kl is in the vibrational
moden and therefore it expresses the relative contribution of
particular phonon mode to thes j

2. This is a temperature in-
dependent parameter and will be used to analyze the indi-
vidual phonon mode contribution on the DWF of a particular
scattering path.

II. METHOD

The process starts by building a model metal-ligand struc-
ture as shown in Fig. 1, SCF geometrically optimizing it, and
calculating the phonon normal mode vibrational spectrum.
This was done on a series of Zn-ligand structures at various
first shell distances and angles(where applicable) using DFT
within the Unichem/DGAUSS 5.024 quantum chemistry

FIG. 1. Modeled structures used:(a) Zn-cysteine, (b) Zn-
histidine, and(c) Zn-carboxylate model. An extra atom that is di-
rectly coordinated to the central metal atom and opposite to the
ligand is not shown here.
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package, running on 4-processor Silicon Graphics Origin
200 server. The generalized gradient approximation(GGA)
under gradient-corrected spin density functional of B88-
PW91 was employed, which consists of the exchange
B8825–27 and correlation functional of Perdew, and Wang
(PW91).28 Use of the B88-PW91 functional and the replace-
ment of the hydrogen atom opposite to the ligand and di-
rectly binding to the metal with the same atom as the first
shell scatterer improved ligand geometry and accuracy of the
calculated DWFs. The double zeta29 basis set was used,
which is specifically optimized for DFT.

Molecular modeled and large reference structures were
optimized at high spin states that correspond to the ground
state energy configuration, e.g., for Zn-histidine modeled-
compounds of Fig. 1(b), and at the high spin configuration
[spin multiplicity s2S+1d=3, whereS is the spin of the com-
pound] the conformation energy was reported at
−56.019 keV, lower than the corresponding energy value re-
ported at −56.017 keV for the low-spin configurations2S
+1=1d. DFT calculated phonon normal mode spectra, in the
form of eigenfrequencies and eigenvectors, was input to a
program written by the authors to calculate MSVs for all
relevant SS and MS paths as shown by Eq.(1). For each
metal-ligand model a primary geometrically optimized
“equilibrium” configuration is obtained. In turn the first shell
metal-ligand distance is altered by freezing the metal at the
previously equilibrium position and translating the ligand
along the metal-ligand axis, thus maintaining the internal ge-
ometry of the ligand. This new structure is geometrically
optimized and with the exception of the hydrogen atoms and
the atom that binds to the metal opposite to the ligand, all
remaining atoms in the structure are fixed at these new po-
sitions. In order to ensure that modeled structures are at a
stable configuration, i.e., all phonon normal mode frequen-
cies are real, the variance of the distance/angle parameter is
restricted. This ensures that clusters had converged to a con-
formational energy minimum rather than to a saddle point.

The s j
2 of an arbitrary scattering path can be expanded as

a power series in terms of the distanceR between the metal
and the ligands nearest atom, the angleQ defined as the
angle formed by the metal and two atoms in the ligand, and
the temperatureT. A general formula that expresses
s2sDR,DQ ,Td was identified as

s2 = o
i jk

DijkDQ jDRiTk + Ceoi8 j8k8Di8 j8k8
8 DQ j8DRi8Tk8

, s5d

whereDR=R0−R, DQ=Q0−Q, R0, Q0 are the equilibrium
parameters, coefficientsDijk and Di8 j8k8

8 are determined by
fitting a single or two parameter expression with the DFT-
calculated MSVs, andC is 1 Å2. The units ofDijk andDi8 j8k8

8

coefficients are such that the product(1) DijkDQ jDRiTk is
measured in Å2, and(2) Di8 j8k8

8 DQ j8DRi8Tk8 is dimensionless.
The first term of the series expansion in Eq.(5) (i.e., for
i , j ,k=0) denoted bys0

2 is MSV independent ofDR andDQ
parameters. ForDR ranges used here, the exponential nature
of the s j

2 only appears in some paths of the Zn-carboxylate
model, stating that these paths will be undetectable by XAFS
due to the rapid increase of the corresponding DWFs at first

shell distances greater than a path-dependent “cutoff” value.
For example for the Zn-carboxylate model perturbing the
first shell Zn-Os1d distance from 2.11 to 2.16 Å will sub-
stantially increase thes2 of the SS Zn-Os2d path by more
than a factor of 10(from 0.006 Å2 to approximately 0.07 Å2

at 300 K) which in turn will will decrease the XAFSxskd
amplitude(at k=10 Å−1) by

xR=2.16skd
xR=2.11skd

.
e−k2sR=2.16

2

e−k2sR=2.11
2 . e−6.4= 1.663 10−3 s6d

with respect to its value atR=2.11 Å. The minimum accept-
able polynomial degree on theDQ parameter of the two
parameter Zn-Cys model, is either one or two, depending on
the appropriate scattering path. For the one parameter Zn-
histidine and Zn-carboxylate models, the degree ofDR de-
pends on the choice of the ligand: two for Zn-histidines and
carboxylates, and three for Zn-cysteines. TemperatureT is
fitted using a third order polynomial and varies from 1 up to
400 K.

Coefficients for Zn-histidine, Zn-carboxylate models
(Asp/Glu) and Zn-cysteine are presented in Tables I–III, re-
spectively. The earlier equations can be used to either calcu-
late MSV factors directly, or as input for program such as
FEFFIT30 as mathematical expressions that determine numeri-
cal path parameters.

An example is given for expressings2 for the SS Zn
-Os1d path of the Zn-carboxylate model at an arbitrary tem-
peratureTø80 K and at the model equilibrium first shell
distanceRZn-Ns1d

0 (i.e., DR=0 Å). Using information from
Table II s2 is written as

s2 = S3.854 −
2.313 10−3

K
T

+
6.613 10−5

K2 T2− 6.913 10−8

K3 T3

+ e−12.50−6.67310−2

K
T+6.13310−4

K2
T2D 3 10−3Å2 s7d

where this expression is in the form of Eq.(5).

III. RESULTS AND DISCUSSION

The reference structures that are used to test the previ-
ously described Zn models are large, DFT-optimized biomol-
ecules. Their normal mode phonon spectrum approximates
experimental infra-red or Raman spectra of corresponding
real structures with high accuracy.31 Using these structures as
reference instead of experimental XAFS spectra has the ad-
vantage of performing a path-by-path MSV analysis rather
than estimating the average MSV per shell. Thek range of
the Fourier transforms of all XAFSxskd spectra reported
later were taken from 2 to 18 Å−1.

A. Zn-cysteines

1. Zn-Cys model

The equilibrium parameter valuesRZn-S
0 and QZn-S-Cs1d

0 of
the Zn-Cys model were observed at 2.246 Å and 106.539°,
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respectively, whereasDR, DQ vary from 0 to 0.3 Å and
−20 ° to +15 °, respectively, and counterclockwise is the
positive direction forQZn-S-Cs1d angular rotation[Fig. 1(a)].
Stable Zn-Cys modeled configurations may still be obtained
for larger DU values with an increase of the corresponding
Zn-S distance. In this case SS and MS paths beyond the first
Zn-S shell will be undetectable by XAFS due to large DWFs
and photoelectron scattering path lengths. Similarly, Zn-Cys
modeled structures withDU,−20° are unstable due to elec-
trostatic repulsion between Zn andCs1d atoms. MSVs as a
function of DR for the most important SS and MS paths of
Zn-Cys model structures at 150 K are shown in Fig. 2, and
can be further analyzed by observing their corresponding
VDOS projected onto the central Zn atom. The VDOS that
corresponds to the first shell Zn-S SS path can be seen in
Fig. 3. At the equilibriumRZn-S

0 value three normal mode
frequencies at approximately 146, 273, and 370 cm−1 con-
tribute the most to the corresponding MSV for this path. As
DR is increased(a) all modes are downshiftedsin cm−1d, and
(b) the probability of the lowest mode is increased followed
by a decrease on the probability of the highest mode. Since
there an is inverse relation betweens j

2 and normal mode
frequencies[Eq. (2)], these statements confirm its increase
proportional toDR.

2. Comparison with reference structure

The two parameter Zn-Cys model is tested against the
almost planar Zn-three cysteine structure(Fig. 4). The three
sulfur atoms of the reference structure are positioned at 2.31,
2.33, and 2.36 Å away from the central Zn+2 atom whereas
the average Zn-S-Cs1d angle was observed at 107.13° ±1.2°.

No imaginary frequencies appear in the phonon spectrum of
the geometrically optimized reference structure. However,
for structures of this size a real phonon spectrum does not
always guarantee that the reference structure, at its optimal
geometry configuration, has converged to a global energy
minimum. It was observed that inclusion of the lowest de-
tected normal mode frequency of 9.04 cm−1 in the calcula-
tion of the s j

2 of SS Zn-Cs1d, Zn-Cs2d, and DS Zn-Cs1d

-Cs2d paths would have artificially increased their value due
to the inverse relation betweens j

2s and normal mode fre-
quencies(Table IV). Other paths did not seem to depend on
this particular frequency. Therefore for consistency reasons
this frequency should not included in the DWF calculations.

Calculated MSVs using the Zn-Cys model and the DFT
optimized reference structure for the most important scatter-
ing paths at three different temperatures and with no angular
variation(sinceDQ is minimal in this case) are presented in
Table IV. For this particular metal-ligand conformation the
value of Zn-S-Cs1d angle is difficult to be predicted accu-
rately by experimental XAFS data, especially at high tem-
peratures. Therefore theDQ parameter will be used to define
an acceptable range for the corresponding high shells SS and
MS paths. These MSVs values are inputted as parameters in
the FEFF832 simulatedxskd XAFS spectra of the reference
structure and their Fourier transforms is shown in Fig. 5. The
agreement between our model and the reference structure
indicates that ligand coordination number although will af-
fect the first shell Zn-S distance will not explicitly alter the
DWFs themselves. The VDOS for the SS Zn-S path of the
model atRZn-S=2.33 Å and DFT optimized reference struc-
ture is shown in Fig. 6. The three major peaks that contribute
most to the DWF of this path appear at similar frequency

TABLE I. Calculated polynomial coefficients for SS and MSs2s for Zn-histidine group. The model equilibrium for the first shell distance
Zn-Ns1d is R0=1.96 Å.

Coefficients310−3d
Zn Path DR 310−3 310−4 310−7 DR2 310−2 310−4 310−6 s0

2 310−3 310−5 310−8

-Ns1d 5.860 −3.43 2.29 −2.75 2.918 5.32 4.96 −0.700 2.552 −1.98 2.91 −2.88

-Ns2d 3.968 −1.25 2.07 −2.61 4.668 5.55 4.43 −0.616 3.126 −2.65 4.57 −4.72

-Cs1d 3.664 −1.40 1.73 −2.14 5.521 6.64 5.53 −0.743 3.956 −2.60 7.62 −8.38

-Cs2d 3.522 −2.54 1.64 −2.02 5.073 6.06 4.93 −0.688 4.092 −2.70 7.48 −8.14

-Cs3d 4.569 −2.93 2.43 −3.06 5.137 5.16 5.33 −0.741 3.368 −2.95 4.92 −5.06

-Ns1d -Ns2d 4.159 −2.30 2.13 −2.66 4.131 5.46 4.15 −0.581 3.000 −2.56 3.89 −3.88

-Ns1d -Ns2da 4.227 −2.11 2.18 −2.73 3.984 5.43 4.09 −0.573 3.053 −2.54 3.71 −3.65

-Ns1d -Cs3d 4.701 −3.66 2.39 −2.98 4.485 6.68 4.59 −0.643 3.246 −2.78 4.15 −4.12

-Ns1d -Cs3da 4.777 −2.50 2.42 −3.02 4.475 5.70 4.61 −0.646 3.309 −2.76 3.99 −3.91

-Ns1d -Cs1d 4.474 −2.43 2.04 −2.49 4.681 5.07 4.95 −0.690 3.192 −2.28 4.26 −4.41

-Ns1d -Cs1da 5.184 −3.33 2.24 −2.72 3.785 5.00 4.70 −0.660 3.705 −2.12 3.06 −2.91

-Ns1d -Cs2d 4.300 −2.88 1.95 −2.39 4.540 4.82 4.67 −0.652 3.480 −2.37 4.31 −4.32

-Ns1d -Cs2da 5.029 −3.26 2.21 −2.69 3.757 4.93 4.44 −0.625 3.985 −2.18 3.13 −2.79

-Cs1d -Cs3d 4.215 −3.11 2.09 −2.60 4.500 6.93 4.69 −0.659 3.691 −2.80 5.89 −6.23

-Cs2d -Ns2d 3.821 −3.62 1.91 −2.38 4.272 6.22 4.45 −0.626 3.431 −2.75 5.67 −6.03

-Cs2d -Ns2d -Ns1d 4.045 −4.08 2.03 −2.53 3.526 6.34 4.06 −0.577 3.110 −2.60 4.59 −4.77

-Cs1d -Cs3d -Ns2d 4.120 −3.85 2.09 −2.60 3.270 6.43 3.89 −0.547 2.877 −2.41 3.84 −3.92

aTriple scattering.
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ranges as discussed previously. Peaks between modeled and
reference structure differ by less than 15 cm−1 which ex-
plains the agreement between the model and the reference
structure for this path.

B. Zn-histidines

The one parameter Zn-histidine model that predicts the
first shell SSs j

2 at higher accuracy than the one reported in
Ref. 21 is compared with previous XAFS(Ref. 19) and FFM
(Ref. 18) references and with the Zn-tetraimidazole structure
optimized under DFT B88-PW91 functional. The equilib-
rium parameterRZn–Ns1d

0 of the Zn-histidine model is 1.96 Å.
In the Zn-histidine model, histidine amino acid is approxi-
mated by the imidazole ring[Fig. 1(b)]. In histidines addi-

tional atoms(a carbon atom, amine, and carboxylate groups)
are bound to Cs3d atom of the imidazole ring.

1. Zn-tetraimidazole structure under DFT B88-PW91 functional

DFT calculated optimal geometry and phonon normal
mode spectrum of the Zn-tetraimidazole molecule under the
local spin density approximation had been reported(Ref.
21). Since all metal-amino acid model and reference struc-
tures presented in this work have their structural and vibra-
tional properties obtained under GGA(B88-PW91 func-
tional), for consistency reasons we recalculated the Zn-
tetraimidazole properties under the B88-PW91 functional.

The four nitrogen atoms of the geometrically optimized
Zn-tetraimidazole molecule under B88-PW91 functional are
symmetrically positioned at approximately 2.046 Å away

TABLE II. Calculated polynomial coefficients for SS and MSs2s for Zn-carboxylate group. The model equilibrium value for the first
shell distance Zn-Os1d is R0=2.06 Å. The first column stands for the power ofDR as dictated by Eq.(5).

Zn path

Term -Os1d -Os2d -Os1d -Cs2d -Cs1d

-Cs2d
TSa -Os1d

-Os2dd
-Cs1d

-Os1d
TSa -Cs1d

-Os2d
TSa TSe TSf

s310−3d Coefficient

s0
2 3.854 4.114 2.681 3.237 3.236 3.238 2.802 2.711 5.287 2.812 5.265 4.079 3.926

310−3 −2.31 −2.00 −2.08 −2.67 −2.69 −2.72 −0.99 −1.75 −1.71 −1.57 −1.92 −1.40 −1.64

310−5 6.61 7.79 2.78 3.67 3.73 3.59 1.28 2.85 2.65 3.31 2.54 3.65 3.00

310−8 −6.91 −8.37 −2.61 −3.35 −3.31 −3.33 −7.35 −2.77 −2.41 −3.33 −2.60 −3.60 −2.79

DR 14.65 17.841 4.310 3.830 3.854 3.864 4.535 5.474 4.574 7.216 4.49 9.015 7.256

310−3 22.76 −45.00 −6.71 −5.27 −5.58 −5.41 −11.81 4.27 −5.85 4.73 −7.43 9.31 −1.29

310−4 7.23 9.27 1.87 1.92 1.90 1.91 1.34 2.20 1.85 3.37 1.78 4.19 3.03

310−7 −9.05 −11.74 −2.27 −2.39 −2.35 −2.37 −1.46 −2.60 −2.22 −4.16 −2.12 −5.21 −3.65

DR2 88.04 114.84 18.84 18.54 19.05 19.50 19.39 13.91 14.09 38.06 17.52 50.90 34.89

310−2 96.70 124.88 10.92 7.13 8.78 12.29 −3.92 34.18 10.01 29.43 3.31 39.74 22.54

310−4 56.11 74.35 12.72 12.45 12.85 13.07 9.30 5.11 8.90 24.14 11.94 33.11 20.32

310−6 −7.38 −9.73 −1.67 −1.64 −1.71 −1.73 −1.14 −0.55 −1.15 −3.16 −1.57 −4.41 −2.60

es0
2 sT

ø80 Kdb
−12.50 −12.41 −13.71 −13.09 −13.62 −13.27 −13.51

310−2 −6.67 −6.25 −7.09 −1.08 −6.62 −6.65 −7.02

310−4 6.13 5.97 6.20 8.93 6.23 6.30 6.23

sT
ù80 Kd

−14.62 −14.33 16.12 −16.37 −15.66 15.26 −15.87

310−2 1.01 1.06 1.02 1.00 1.07 1.01 1.04

310−5 −1.11 −1.20 −1.12 −1.07 −1.22 −1.09 −1.18

eDR sT
ø80 Kd

75.76 76.15 70.75 47.11 74.62 74.65 72.64

1.00 1.09 1.03 1.38 1.02 1.02 1.03

310−3 −7.06 −9.03 −7.40 −9.91 −7.63 −7.74 −7.44

sT
ù80 Kd

109.05 108.55 106.10 94.50 106.95 107.00 107.70

aTriple scattering(TS) of the corresponding double scattering path at the previous column.
bThe exponential terms of thes2 are described differently forTø80 K andTù80 K.
cBlanks denote zeros.
dAdditional termsDR3 apply: 54.62+s2.08/KdT−s5.44/K2d310−3T2−s7.64/K3d310−6T3.
eZn-Cs1d -Os1d -Os2d is a four-atom triple scattering path.
fZnuCs1d

uOs2d
uOs1d is a four-atom triple scattering path.
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from the central Zn atom. This is an overestimation by
0.057–0.046 Å of the correspondingRZn-Ns1d first shell pa-
rameter of the Zn-tetraimidazole fluoroborate/perchlorate
crystalline structure(Ref. 18) as observed experimentally.

Overestimation of the metal-imidazole distance is expected
since our structure corresponds to 300 K temperature leading
to an increased metal-imidazole distance when compared to
same molecule under low temperature conditions.

TABLE III. Calculated polynomial coefficients for SS and MSs2s for Zn-cysteine group. The model equilibrium values areR0

=2.246 Å andQ0=106.539°. The first column stands for the power ofDR andDQ as dictated by Eq.(5).

Zn Path
Term -S -Cs1d -Cs2d -S-Cs1d -S-Cs2d -Cs1d -Cs2d -Cs1d

uCs2d† -SuCs1d -Cs2d

Coefficients310−3d

s0
2 2.395 4.485 4.244 3.472 4.013 4.234 4.890 3.952

310−3 −2.38 13.63 9.96 2.50 0.242 9.73 12.37 1.61
310−5 3.38 11.13 10.25 5.06 7.83 10.35 11.90 5.41
310−8 −3.19 −13.29 −12.13 −5.46 −8.89 −12.36 −14.31 −5.87

DR 3.047 0.658 1.385 2.355 2.090 1.059 0.806 2.172
310−3 31.58 −4.47 −44.01 24.67 −31.57 −8.43 21.16 16.53
310−4 1.49 0.30 0.86 1.39 1.37 0.68 0.60 1.31
310−7 −1.86 −0.37 −1.15 −1.79 −1.81 −0.90 −0.80 −1.72

DR2 1.476 −2.071 −0.220 −4.408 −2.063 1.40 −0.19 −1.216
310−2 −47.44 −12.73 5.52 −36.73 −39.81 −14.02 −36.31 −30.25
310−4 −1.95 −2.45 −1.45 −4.44 −2.78 −0.82 −2.63
310−6 0.33 −0.35 −0.23 −0.61 0.41 −0.14 −0.40

DR3 43.68 20.87 28.95 42.51 38.83 24.06 26.32 36.96
1.832 1.50 1.08 1.67 1.80 1.28 1.79 1.53

310−3 3.84 1.80 2.45 3.55 3.24 2.10 2.23 3.18
310−6 −5.32 −2.50 −3.42 −4.89 −4.47 −2.91 −3.10 −4.39

DQ 310−3 a 5.566 −6.59 14.32 5.10 −4.267 13.12 1.726
310−5 5.54 53.90 3.90 −7.07 −27.17 −6.73 3.72
310−7 2.22 −7.20 5.65 3.52 −3.07 4.00
310−10 −2.85 9.66 −6.92 −4.60 3.89 −5.17

DQ2 310−4 −2.02 0.04 −1.36 0.1
310−5 1.20 0.46 0.06 1.21
310−8 −2.58 −0.95 0.32
310−11 3.47 −1.26 −0.46

DRDQ 310−2 0.06 14.73 6.40 0.963 8.30 −6.79 0.23
310−3 0.15 −11.29 0.76 3.538 6.78 4.31 1.66
310−5 1.46 0.45 0.578 0.44
310−8 −1.97 −0.59 −0.785 −0.58

DRDQ2 310−3 6.547 −0.528 4.181
310−5 −1.15 −0.40 13.45 −8.84
310−7 7.24 0.67 2.74
310−10 −9.69 −1.01 −3.70

DR2DQ 310−1 −7.57 −5.47 −0.88 −3.95 −4.14 0.19
310−3 −19.21 −79.79 −9.85 −26.77 −53.20 −37.70 20.00
310−5 −8.35 −3.75 −0.84 2.94 −2.61
310−8 11.34 4.97 1.20 4.07 3.48

DR2DQ2 310−2 −3.80 −2.29
310−5 −53.68 −40.00 −13.21 12.78
310−6 −4.57 −0.64 −1.64
310−9 6.13 1.00 2.25

DR3DQ 0.656 2.00 1.451 0.432 1.397 1.406 0.30
310−2 7.97 19.63 5.02 8.87 14.88 11.48 7.83
310−5 5.56 20.63 10.80 4.15 11.08 10.00 2.55
310−8 −7.55 −28.09 −14.58 −5.89 −15.37 −13.55 −3.56

DR3DQ2 310−2 7.77 1.70 5.39 1.12
310−3 2.53 2.05 3.98 1.76
310−6 9.32 2.39 4.19 1.15
310−8 −1.25 −0.35 −0.58 −0.16

aBlanks denote zeros.
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Two imaginary frequencies appear in the phonon normal
mode spectrum:i35.7 andi25.56 cm−1. The presence of the
imaginary frequencies in the phonon normal mode spectrum
does not change thes2s themselves: for arbitraryj scattering
path VDOSr jsnd.0 wheren is any of the imaginary modes
of the phonon spectrum[Eq. (3)]. However, because the
DFT-geometry corresponds to a saddle point rather than an
energy minima, an overestimation of the Zn-Cs1,2d “bending”
metal-imidazole mode is expected.

2. Comparing the Zn-imidazole model with references

The Zn-imidazole model predicts the first shell SSs j
2 at

higher accuracy than the last reported model. At 20 K thes j
2

obtained using the Zn-imidazole model for the first shell SS
Zn-Ns1d is 2.65310−3 Å2 whereas the corresponding values
at the same temperature reported from FFM models and
XAFS results using the tetrafluoroborate compound
fRZn-Ns1d=2.00 Åg are s2.61±0.01d310−3 Å2 and
s2.50±0.2d310−3 Å2, respectively(Refs. 18 and 19). This is
also an improvement when compared to the value reported
by the previous Zn-imidazole model(2.77310−3 Å2 in Ref.
21). At room temperatures300 Kd, and for the same path our
improved model predicts 4.24310−3 Å2 versus 4.26±0.03

TABLE IV. Calculateds2 for the Zn-cysteine model using in-
formation from Table III vs reference for 20, 150, and 300 K for the
most important scattering paths.

Path

T model

Reference

Corrected Raw

K s2s310−3 Å2d

Zn-S 20 2.643 2.673±0.015 2.690±0.01

150 3.237 3.240±0.04 3.329±0.03

300 4.925 4.915±0.08 5.095±0.07

Zn-Cs1d 20 4.799 4.976±0.02 5.356±0.03

150 8.433 9.431±0.15 12.33±1.3

300 14.70 16.44±0.3 22.23±2.5

Zn-Cs2d 20 4.497 4.482±0.08 4.654±0.1

150 7.110 7.560±0.25 8.922±0.8

300 12.12 13.092±0.95 15.57±1.2

Zn-S-Cs1d 20 3.947 3.754±0.02 3.840±0.08

150 5.163 5.376±0.03 6.123±0.05

300 8.015 8.366±0.08 9.860±0.1

Zn-S-Cs2d 20 4.252 4.101±0.02 4.134±0.02

150 5.910 5.970±0.1 6.204±0.15

300 9.228 9.602±0.4 10.07±0.4

Zn-Cs1d -Cs2d 20 4.540 4.596±0.04 4.876±0.1

150 7.594 8.203±0.3 10.11±1.5

300 13.10 14.099±0.5 17.912±3.0

FIG. 2. (Color online) DFT-calculateds2 for various SS and MS
paths of Zn-cysteine model at 300 K. Lines represent third order
polynomial fits.

FIG. 3. (Color online) Projected VDOS for the SS Zn-S path at
various perturbed first shellDRZn-S distances.

FIG. 4. Zn coordinated to three cysteines.
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310−3 Å2 for the FFM model. The corresponding value re-
ported by the previous model in Ref. 21 is 4.57310−3 Å2.
Similar improvement is obtained when either model is tested
under the B88-PW91 optimized Zn-tetraimidazole structure
fRZn-Ns1d=2.046 Åg.

The accuracy of the model presented here fors j
2s is not

limited to first shell SS but is also extended to higher shell
SS and MS paths. For instance due to the presence of the
focusing effect the double scattering path Zn-Ns1d -Ns2d is of
significant importance in the higher shell region of the Fou-
rier transform. Its s j

2 at 300 K is predicted at 5.015
310−3 Å2 versus 4.93310−3 Å2 for the FFM model(Refs.
18 and 19) again an improvement with the value of 5.31
310−3 Å2 reported by Ref. 21. This information together
with s j

2 for other important paths is summarized in Table V.
What is also of importance is similar to the Zn-cysteine
model, the Zn coordination number does not affect thes j

2s.
One other issue that we discuss here is the imidazole ring

deformation. Using the B88-PW91 Zn-tetraimidazole struc-
ture as reference the Ns1d -Ns2d distance is shorter with re-
spect to the same distance found in the Zn single histidine
structure by 0.004 Å and the Ns1d -Cs3d distance is also
shorter by about 0.002 Å. This small ring deformation of the
model structures mostly affects the DS/TS Zn-Ns1d -Cs3d and
DS Zn-Ns2d -Cs2d paths whereas its effect on the other SS/MS
paths is minimal. This systematic overestimation/
underestimation of the corresponding MSV of the scattering
path may be corrected by decreasing/increasing the first shell
distance by an amount comparable to the one mentioned ear-
lier. However, since the histidine amino acid had been ap-
proximated by the imidazole ring and the presence of addi-
tional atoms bound to Cs3d atom of the histidine amino acid
will cause additional deformation of the ring, no such cor-
rection of the MSVs was employed here.

C. Zn-carboxylate

1. Zn-carboxylate model

Carboxylate ligands appear in the form of aspartic and
glutamic amino-acid structures(Fig. 7). A single Zn-

carboxylate model of a reduced structure is used for the
DWF calculation of either carboxylate amino acid residue
(Asp/Glu). This is justified since(a) no atoms more distant
than the Cs2d are XAFS detectable, and(b) Glu and Asp only
differ by an extra carbon atom that is also undetectable by
XAFS. A central metal atom is coordinated with carboxylate
residues forming mono- or bi-dentate complexes. Due to the
exponential dependence of most of thes j

2s in the Zn-
carboxylate configuration on the first distance(Table II), the
bidentate metal-oxygen conformation is considered sepa-
rately from the monodentate case, and will be presented else-
where. To preserve the symmetry, the Zn bi-dentate carboxy-
late model was translated along the Zn-Cs1d axis. The values
of the equilibrium Zn-oxygen interatomic distances were
2.06 Å Zn-Os1d and 2.08 Å Zn-Os1d. ParameterDR for Zn

FIG. 5. (Color online) Zn absorption line for which the Fourier
transform of thexskd XAFS spectra is calculated for the DFT-
optimized Zn-three-cysteine structure at 20, 150, and 300 K.

FIG. 6. Projected VDOS vs normal mode frequency for the SS
Zn-S path using the planar three cysteine structure as a reference
and the Zn-Cys model.

FIG. 7. Reference structures used(a) Zn-Glu and (b)
Zn-Asp.
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-Os1d distance varied from −0.05 to 0.09 Å with any further
DR variation leading to unstable energy conformations. Vari-
ouss j

2 vs DR are plotted in Fig. 8.
In some cases, beyond a certain distance, the MSVs in-

crease exponentially as a function of distance. In this case,
thes j

2 for the most of SS and MS paths will increase rapidly
even at small positive perturbations of theDR parameter. An
increased DWF suppresses or totally eliminates the relative
contribution of the corresponding scattering paths of the
XAFS xskd amplitude. Since the DWF of the SS Zn-O scat-
tering paths in Zn-carboxylate ligation increase exponen-
tially, carboxylates binding to Zn will not be detected by
XAFS at about 2.1–2.2 Å regardless of the sample tempera-
ture. This important exponential behavior can be described
using the projected VDOS. For the SS Zn-Os2d projected
VDOS is plotted for various values ofDR (Fig. 9). Focusing
our attention on the low frequency part of the normal mode
spectrum, two modes at 138 and 303 cm−1 contribute most to
the correspondings j

2 value of this path. Similarly to Zn-Cys
case, asDR increases, the 138 cm−1 mode is downshifted,
reaching approximately 55 cm−1 at DR=0.0855 Å with an
increase of its probability amplitude. This also verifies the
rapid increase of the DWF for Zn-carboxylate formations.

TABLE V. Calculateds2 for the Zn-imidazole model using information from Table I vs the last reported
Zn-imidazole model(Ref. 16) and other references for the most important scattering paths.

Path
RZn-Ns1d

Å
T
K

Model

Other referenceNew
Ref. 21

s2s310−3 Å2d

ZnqNs1d 1.983 20 2.65 2.77 2.61±0.01(Ref. 19)

2.046±0.2(Ref. 18)

2.046 3.06 3.21 2.79±0.01a

1.983 300 4.24 4.63 4.26±0.03(Ref. 19)

2.046 5.68 6.30 4.87±0.04

ZnuCs1,2d 1.983 20 4.07±0.06 4.25±0.06 4.12±0.11(Ref. 19)

2.046 4.35±0.05 4.56±0.04 4.30±0.07

1.983 300 8.11±0.01 8.81±0.5 8.59±0.23(Ref. 19)

2.046 9.26±0.04 10.08±0.5 10.52±0.7

ZnuNs2d 150 4.40 4.23 4.52±0.14

ZnuCs3d 4.77 5.33 4.62±0.1

ZnuNs1d
uNs2d 1.983 20 3.12 3.18 2.83(Ref. 19)

2.046 3.43 3.53 3.23±0.03

1.983 300 5.09 5.43 4.93(Ref. 19)

2.046 6.37 6.93 6.11±0.05

ZnuNs1d
uCs3d 1.983 20 3.38 3.50 3.17±0.03(Ref. 19)

2.046 3.73 3.89 3.36±0.02

1.983 300 5.45 6.11 5.56±0.1(Ref. 19)

2.046 6.88 7.80 6.13±0.08

ZnuNs1d
uCs1,2d 150 4.61±0.13 4.87±0.05 4.40±0.07

ZnuCs1d
uCs3d 5.21 5.80 5.45±0.15

ZnuNs2d
uCs2d 4.83 5.03 5.32±0.32

aWhen no reference is shown these factors correspond to the optimized B88-PW91 Zn-tetraimidazole struc-
ture.

FIG. 8. (Color online) DFT-calculateds2 for SS and MS paths
of Zn-carboxylate model at 150 K. Lines represent second order
polynomial with an exponential term where applicable.
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2. Zn-Asp/Glu structures

The proposed model is tested against DFT optimized Zn-
Glu and Zn-Asp structures at 150 K. For Zn-Asp and Zn-Glu
Zn-O interatomic distances are observed as: 2.04, 2.07 Å for
Zn-Asp and 2.03, 2.05 Å for Zn-Glu structures. Another
oxygen atom that binds directly to Zn and opposite to the
carboxylate ligand, located at 1.88–1.89 Å away from Zn
for either configuration is also included in the reference and
modeled structures. In metal-carboxylate structures under bi-
dentate conformation, Os1d and Os2d are hardly resolved. Fit-
ting the Zn-carboxylate model with Zn-Asp/Glu structures
furnished an average distance of both oxygen shells. There-
fore, ZnuO combined distance for either Asp/Glu case was
found about 2.044±0.006 Å. This distance was used for ad-
justing theDR model parameter. Calculated MSVs using the
Zn-carboxylate mode versus corresponding parameters from
Zn-Asp and Zn-Glu structures are summarized in Table VI.
The Fourier transforms of the simulatedxskd spectra of these
reference structures with respect to the model is shown in

Fig. 10 and this verifies the validity of the model under ho-
mogeneous Asp or Glu ligation.

D. Heterogeneous ligation

In most metalloprotein active sites, the metal binds to
different types of amino acid residues. We refer to this as
“heterogeneous ligation.” Due to energy/geometry conver-
gence difficulties the reference DFT optimized structures are
of low ligand coordination number.

1. Zn-His/Cys structures

A hypothetical structure is built that consists of the Zn
directly bound to a Cys and a His residue. For this structure
the distance Zn-S was varied. This allows us to examine the
chemical transferability of the histidine DWFs, since the his-
tidine ligand is bound at the same distance in either Zn-His/
Cys configuration. This distance Zn-S was locked at two
different positions, 2.247 and 2.307 Å, respectively, whereas
all other atoms were free to move during the geometry opti-

TABLE VI. Calculateds2 for the Zn-carboxylate model using information from Table II vs Zn-Asp and Zn-Glu DFT-optimized reference
strcutures at 150 K for the most important scattering paths.

Structure

Zn Path

-Os1d -Os2d -Cs1d -Cs2d -Cs1d -Cs2d TSa -Os1d -Os2d -Cs1d -Os1d TSa -Cs1d -Os2d TSa TSb TSc

s2s310−3 Å2d

Model 4.30 4.96 2.84 3.47 3.45 3.46 2.83 2.82 5.47 3.10 6.07 5.19 5.08

Zn-Asp 4.41 4.78 2.89 3.52 3.50 3.50 2.88 2.88 5.56 3.07 5.95 4.15 4.35

Zn-Glu 4.60 4.78 2.91 3.53 3.51 3.51 2.84 2.97 5.74 3.05 5.96 5.65 4.77

aTS of the corresponding double scattering path at the previous column.
bZnuCs1d

uOs1d
uOs2d is four-atom triple scattering path.

cZnuCs1d
uOs2d

uOs1d is a four-atom triple scattering path.

FIG. 9. (Color online) Projected VDOS for the second shell SS
Zn-Os2d path at various perturbed first shellDRZn-Os1d distances.

FIG. 10. (Color online) Zn absorption line for which the Fourier
transform of thexskd XAFS spectra is calculated for DFT-optimized
Zn-carboxylate(Zn-Asp, Zn-Glu) structures at 150 K. The first
peak corresponds to a SS path with Zn and another oxygen bound at
about 1.89 Å.
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mization procedure[RZn-Ns1d=1.90 Å for either Zn-His/Cys
configuration].

Obtaining a nonimaginary normal mode frequency spec-
trum for this reference structure was not an easy task. For
2.247 Å Zn-S distance, one imaginary frequencies was ob-
served at i35.38 cm−1 whereas for 2.307 Å distance an
imaginary frequency ati37.44 cm−1 was also observed. In
either configuration these small imaginary frequencies are
due to geometric instabilities of the histidine tail, and they do
not appear to alter the DWF of any of the SS and MS paths.

At 150 K MSVs obtained using the new Zn-imidazole
model (Table I) versus the Zn-His/Cys structure are as fol-
lows fRZn-Ns1d=1.90 Åg: for the first shell SS Zn-Ns1d s j

2 is
2.31310−3 Å2 vs 2.25310−3 Å2; for the second shell SS
Zn-Cs1,2d s j

2 is s4.75±0.05d310−3 Å2 vs s4.86±0.29d
310−3 Å2; for the DS Zn-Ns1d -Ns2d s j

2 is 2.84310−3 Å2 vs
2.97310−3 Å2; and for the DS Zn-Ns1d -Cs3d s j

2 is 3.20
310−3 Å2 vs 2.99310−3 Å2 for the reference Zn-His/Cys
structures. The corresponding Fourier transforms using
DWFs from the Zn-Cys and Zn-His models and directly
from the Zn-His/Cys structure can be seen in Fig. 11. Excel-
lent agreement is achieved for all shells.

2. Zn-Asp/Glu structures

The reference structure consists of an Asp and a Glu acid
residue directly bound to Zn in a bidentate formation. At the
optimal geometry no imaginary frequencies were observed in
the normal mode spectrum. The Zn-O interatomic distances
of the reference structure are distributed as follows: one oxy-
gen atom of the Glu ligand appears at 2.067 Å, two oxygen
atoms, one at Asp and one of Glut at 2.70 Å, and the last
oxygen of the Asp ligand at 2.10 Å. Fitting this reference
simulatedxskd XAFS spectra with spectra of Zn-S com-
plexes of known distances revealed that in the reference
structure three oxygen atoms are located at 2.063±0.01 Å
and one at 2.13±0.04 Å. These distances were used to adjust
the DR parameter for the oxygen paths and the carboxylate
positions.

When a metal binds to more than one carboxylate ligand,
ligand-ligand scattering is observed. This effect was either
minimal or not at all observed for structures with histidine
and/or cysteine ligands. Intraligand MS paths that will con-
tribute to the XAFS spectrum of Zn-carboxylate structures
involve double/triple scattering paths of oxygen-oxygen, and
oxygen-carbon atoms where the first/second atom belongs to
the first/second ligand. Also the triple scattering paths de-
fined as metal-scatterer-metal-scatterer-metal of either same
or different ligands are also observed. In case of oxygen-
oxygen intraligand scattering, the oxygen-metal-oxygen
angle is about 130°. In such cases the MSV of these DS and
TS paths will be nearly equal to the sum of the correspond-
ing SS MSVs, i.e.,sOsad-Zn-Osbd

2 .sZn-Osad
2 +sZn-Osbd

2 .
The Fourier transforms of the spectra of the reference

Zn-Asp/Glu structure and also that using the modeled DWFs
are shown in Fig. 12. Similarly to the previous paragraphs,
spectra obtained using modeled DWFs highly agree with the
corresponding DFT reference at all shells.

IV. CONCLUSION

Various one- and two-parameter models have been used to
estimate all relevant SS and MS XAFS DWFs for Zn active
sites that contain cysteines, histidines, and carboxylate
ligands, which are typical ligands found in Zn metallopro-
teins. All models were tested under model environments of
varying coordination number and both homogeneous and
heterogeneous ligation, which provided acceptable accuracy
for XAFS data analysis. We also describe the behavior of
metal-ligand binding as a function of shell interatomic dis-
tance variation and angle.

Our next step involves applying the two parameter model
to carboxylates ligands such glutamic and aspartic acid resi-
dues in which substantial MS scattering is expected. This
work strongly suggests that the vibrational DWF problem in
XAFS analysis is soluble in practice, and it provides practi-
cal results that can be used by experimentalists in biological
XAFS.

FIG. 11. (Color online) Zn absorption line for which the Fourier
transform of thexskd XAFS spectra is calculated for DFT-optimized
Zn-cysteine-histidine at 150 K for two distinct ZnuS distances.

FIG. 12. Zn absorption line for which the Fourier transform of
thexskd XAFS spectra is calculated for DFT-optimized Zn-Asp-Glu
structure at 150 K.
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