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Abstract

The normal elastic X-ray scattering that depends only on electron density can be modulated by an
‘anomalous’ component due to resonance between X-rays and electronic orbitals. Anomalous
scattering thereby precisely identifies atomic species, since orbitals distinguish atomic elements,
which enables the multi- and single-wavelength anomalous diffraction (MAD and SAD) methods.
SAD now predominates in de novo structure determination of biological macromolecules, and we
focus here on the prevailing SAD method. We describe the anomalous phasing theory and the
periodic table of phasing elements that are available for SAD experiments, differentiating between
those readily accessible for at-resonance experiments and those that can be effective away from an
edge. We describe procedures for present-day SAD phasing experiments and we discuss
optimization of anomalous signals for challenging applications. We also describe methods for
using anomalous signals as molecular markers for tracing and element identification. Emerging
developments and perspectives are discussed in brief.
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1 Introduction and Theoretical Background

X-ray diffraction analysis is very effective for determining atomic structures of biological
macromolecules. It does not produce images directly, however, rather the image is
synthesized computationally from the diffracted waves, for which we can record directly
only the amplitudes and need to evaluate the phases by other means. Anomalous diffraction
has become the method of choice for de novo structure determination of biomolecules. In
this chapter, we summarize the theory, approaches, and applications that are currently most
effective for using anomalous diffraction in structure analysis.

X-rays are scattered from electrons in the atoms from which molecules are built; and, when
these molecules are arrayed into a crystal, the coherent component of the scattering is
restricted to discretely directed and highly amplified beams. Each diffracted X-ray beam
(Bragg reflection) is characterized by its direction, encoded by Miller indices h(/,k,/); its
amplitude, for which the structure-dependent factor is designated |A(h)|; and its phase ¢(h).
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The theory of diffraction from a crystal has the form of a Fourier transformation of the
distribution of electron density po(r) for all positions r within the unit cell of the crystal: Ah)
= |Rh)| exp(ig(h)) = & [o(r)]. By Fourier theory, the electron-density distribution can be
reconstituted by Fourier inversion of the comprehensive set of diffracted waves: p(r) = &1
[{Ah)}]. Since X-ray experiments record only the amplitudes of diffracted X-ray waves, this
poses the phase problem — what is ¢(h) for each of the many thousands of Bragg reflections
from a biomolecular crystal?

Several ingenious methods have been invented for solving the phase problem, and the one
that took hold initially for proteins was that of multiple isomorphous replacement (MIR),
which takes advantage of the distinctively strong scattering of heavy metals that can be
added to the natural macromolecule. Scattering strength from matter is defined by the atomic
scattering factor, f, which is measured relative to the inelastic scattering expected from a
single electron and is proportional to the number of electrons in an atom (atomic number 2).
Hence, as an example, mercury at Z=80 is highly potent as a scatterer when inserted into
biomolecules, which are largely made of carbon (Z=6), nitrogen (Z=7), and oxygen (Z=8).
Scattering from atoms includes not only this ‘normal’ component proportional to electron
density, 7, but also an ‘anomalous’ increment, 7, due to resonance between the incident X-
ray waves and electronic orbitals. A 90° phase shift accompanies anomalous (resonant)
scattering, which resolves into real and imaginary parts, # and 7. Thus,

f=fo=f2=f+f+f" . ()

Anomalous scattering factors are usually small relative to normal scattering factors;
nevertheless, anomalous scattering proved effective from the earliest days of protein
crystallography for enhancing MIR (MIRAS) or for making single derivative analyses
possible (SIRAS).

Eventually, it became clear that anomalous scattering on its own could suffice to solve the
phase problem for macromolecular crystals. We have thoroughly reviewed the ensuing
development of multi- and single-wavelength anomalous diffraction (MAD and SAD) [1].
Here, we simply summarize the theoretical underpinnings. Phase evaluation by MAD or
SAD begins by measuring complete diffraction data {|*A+h)[?} at an appropriate set of
wavelengths A (only one for SAD) and usually at £h (Friedel mates or symmetry
equivalents, i.e. the Bijvoet mates); atomic positions for the anomalous scatterers are then
determined, usually from an analysis of Bijvoet differences; next, contributions to the
diffraction from the normal scattering, 7, of this ‘anomalous’ substructure can be
calculated, *FA(h) = / FA(h)| exp(i “¢A); and, ultimately, these “FA(h) components serve as
reference waves for evaluating structure factors, *£7{h) = /FT(h)| exp(i "¢ 7), that correspond
to the actual electron density for the entire structure (T for total).

Such structure analyses can be made for arbitrarily complex situations, but the formulation
simplifies for the case of only one kind of anomalous scatterer (e.g. Se atoms in a
selenomethionyl protein). Then
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where all wavelength dependence is in the factors g, band c.

aN)=(IF21/F2)% bO)=2(f'/£°); and e(N)=2 (f"/ f°).

This system of equations from multiple wavelengths and Friedel mates (+h) provides a basis
for definitive phase evaluation by MAD [2,3]. The definitive character of MAD is seen from
the orthogonality of phase information in appropriate diffraction differences. By differencing
between Friedel mates, it follows from Egs. 2 that

PR = F(=R)[ =2\ F. (B)| °F ,(B)fsin (°6,—°6,). (3

Similarly, after defining <|[2Ah)[Z> = (AAN)|2 + |[AA-h)|?)/2, one can obtain the dispersive
differences between measurements made at two wavelengths, A;and A

<P F(R)*>—<MF(R)> =[a(A)—a(\))]]°F , (h)[?
+H[bO)=bOIF - (R)| [°F 4 (h)[cos (6, —°6,). (4

Moreover, since | F7(h)| ~ ((*AN)| + |*A-h)|)/2 for typical cases where anomalous
scattering is relatively weak, Eq. 3 reduces to the Bijvoet-difference equation for the
desired "¢ phase information in terms of the *F4(h) reference wave:

AP =PF(R)-PF(=h)| = c(\PF, (h)lsin (°6,—°6,)
=2(f"/f°)°F \(h)lsin (°6,~°3,). (5)

Eq. 5 was used as the basis for determining the structure of crambin from the anomalous
scattering of its intrinsic sulfur atoms [4], a method that would now be known as native
SAD.

The analysis of crambin confronted the complication of phase ambiguity — from Eq. 3 we
obtain the sine of an angle but need the angle itself. The partial structure of sulfur atoms was
used for ambiguity resolution for the crambin analysis, but it became clear that this approach
would not be powerful enough for structure determinations in general. It was the motivation
to find a better alternative that led to MAD, where definitive phase evaluation is manifestly
feasible — mathematically, Eq. 4 provides cosine values to complement the sine values
obtained from Egs. 3 and 5. MAD analysis developed very effectively, and its varied
implementations have been reviewed by us and others [3,5-7,1]. By the year 2000, MAD
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had surpassed MIR for de novo determination of biomolecular structures [1]. At about that
time, a more efficient alternative for resolving phase ambiguities emerged with density
modification procedures. Density modification originated with solvent flattening as devised
by Wang [8], but it was with systematic incorporation of molecular averaging and other
features into the program DM [9] that its effectiveness for SAD grew. By 2006, SAD had
overtaken MAD and it now predominates overall for de novo phasing of biomolecules [1].

In this chapter we summarize practical aspects of structure analysis from anomalous
diffraction measurements with emphasis on SAD phasing procedures as currently practiced.

elements and anomalous scattering factors

MAD phasing experiments rely on the sharp variation of anomalous scattering that occurs
near the resonance energy for a suitable electronic transition. The spectrum of anomalous
scattering factors at the Se K edge of a selenomethionyl (SeMet) protein is shown in Fig. 1a
as an example. Definitive phase evaluations can be made with a judicious selection of
wavelengths, chosen as indicated to optimize the complementarity from the £ and 7
contributions defined by Eqgs. 3 and 4. To a first approximation, all K edges are alike except
that their resonant energies progress systematically with atomic number; likewise for L and
M edges. K, L and M resonances do give rise to successively larger anomalous scattering
factors, however, as they respectively engage more electrons. Moreover, electrons in
molecular orbitals may give rise to especially sharp edge variations (white lines), as seen in
the 7 spectra (Fig. 1b). Peak 7 values vary from a few electrons for Se at its K edge
(E=12.66 keV), to some 30 electrons for Yb at its Lj;; edge (E=8.94 keV), to over 100
electrons for U at its My, edge (E=3.55 keV).

SAD phasing depends only on 7, and it can be highly effective when freed by density
modification from the tyranny of phase ambiguity. The strength of anomalous diffraction for
SAD can be estimated as the Bijvoet diffraction ratio [4]. For the case of one kind of
anomalous scatterer, this ratio approximates to

rms (AFep)/mms (F,) = V2 (VN )/ No Zap) (6)

where N4 and Npare the numbers of anomalous scatterers and total non-hydrogen atoms,
respectively, and Z #is the effective atomic number (~6.7 for proteins). Thus, the Bijvoet
signals needed for SAD phasing are proportional to the strength of 7”, the imaginary
component of anomalous scattering for the phasing element in a specific subject of interest,
and to the relative abundance of ordered atoms of this element. For a given crystal, the
optimization of 7 is of paramount importance. For an accessible edge, the X-ray energy
needs to be tuned precisely to obtain the highest possible 7. For lighter atoms, the
resonance energy is too low to be accessible at many synchrotron beamlines, as for the
sulfur and calcium K edges at 2.47 keV and 4.04 keV, respectively (Fig. 2). Nevertheless,
these atoms can produce weak but measurable anomalous signals at off-resonance energies;
for sulfur, 7 is 1.31 electrons at 5 keV, 0.96 electrons at 6 keV and 0.72 electrons at 7 keV.
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The anomalous scattering signals from sulfur can be harvested for phasing at most
crystallographic beamlines. Fig. 3 has the periodic table colored for phasing elements that
have been used for MAD and SAD experiments, at-resonance (green) or off-resonance
(yellow).

Appropriate phasing atoms have to be incorporated into biomolecules for analysis by
anomalous diffraction For proteins that do not contain desired phasing atoms natively, co-
crystallization or soaking are two popular ways of introducing phasing atoms [10].
Derivatization of heavy atoms to proteins may be screened in solution ahead of
crystallization experiments [11]. However, it is hard to predict the results and anomalous
data have to be measured for screening suitable phasing atoms. This is a trial-and-error
process with significant overhead in time and cost in dealing with toxic heavy atoms. To
facilitate phasing atom incorporation, selenomethionyl (SeMet) substitution method was
invented by biochemical incorporation /n vivo [12]. The substituted SeMet gave reliable
incorporation and robust anomalous signals and is now the most popular method for
introducing phasing atoms. Of course, transition metals such as iron, zinc, and copper are
present naturally in about 30% native proteins. These metals are suitable phasing atoms for
at-resonance experiments (K edges are at 7.11 keV for Fe, 8.98 keV for Cu and 9.66 keV for
Zn). Beyond these heavier phasing atoms, most proteins contain sulfur in methionine and
cysteine residues and all nucleic acids contain phosphorus. With no need of heavy atom
derivatization, native-SAD phasing is a very attractive approach.

Procedures for SAD Phasing

SAD phasing depends on what are often relatively delicate anomalous signals embodied in
the Bijvoet differences (Eg. 5). Nevertheless, SAD structure determinations are often quite
routine for metalloproteins or SeMet proteins and now even for native, only-light-atom
biomolecules. SAD phasing procedures include preparation of suitable cryogenic samples,
anomalous data collection and analysis, substructure and phase determination, model
building and refinement. We discuss these individual procedures with our recently solved
DnaK structure in ATP state (DnaK-ATP) by native SAD [13,14].

3.1 Cryogenic sample preparation

Cryocooling is the most efficient way to stretch the lifetime of biomolecular crystals under
X-ray exposure [15]. The standard procedure is to transfer a crystal on a micromount into
cryoprotectant for a short time soaking before immersion into liquid nitrogen at 100 K. The
purpose of using cryoprotectant is to slow the rate of ice nucleation so that flash cooling
produces a rigid glass instead of crystalline ice. For most crystals, a few seconds of soaking
suffice for the exchange process. If the standard protocol does not work, for example
resulting in cracked crystals or deteriorated diffraction, stepwise cryoprotectant exchange
may be necessary to minimize the osmotic and surface stress shock. To find a suitable
cryoprotectant, a screening kit such as CryoPro from Hampton Research may be used. For
challenging samples that could not survive externally added cryoprotectant, dehydration
could be used to increase the precipitant concentration; and crystals might then be frozen
directly. The size of crystals and the amount of solvents around crystals are also important
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factors for cryocooling [16]. For optimized anomalous data collection, one should minimize
solvents around crystals as much as possible before cryocooling. This can be realized by
matching micromount size to crystal size and by removing solvents with a filter paper. To
prevent over-dehydration, cryogenic sample preparation is better performed at lower
temperature, for example in a cold room or a temperature-controllable glove box or cabinet.

3.2 Anomalous data measurement

Contemporary anomalous data are preferably measured at sophisticated modern synchrotron
beamlines with X-ray energy tunable to desired values. A list of synchrotron beamlines for
macromolecular crystallography may be found at BioSync (biosync.sbkb.org). Most
beamlines can either be tuned to cover the anomalous diffraction spectrum for multiple
phasing atoms or fixed to specific energies for popular phasing atoms, such as 12.67 keV for
SeMet crystals.

Prior to anomalous data collection at an energy-tunable beamline, the X-ray energy needs
first to be calibrated. For at-resonance experiment, a two-stage fluorescence scanning
protocol is used. With SeMet K edge resonance as an example, first the Se foil standard is
used for an EXAFS scanning to calibrate the energy to Se K edge at 12.67 keV. Then a
SeMet crystal is used for a second scanning from which the resonant X-ray energy is
determined for anomalous data collection. For off-resonance anomalous data collection, only
the foil scanning is needed for energy calibration. For sulfur off-resonance anomalous data
collection, X-ray energy at around 7 keV or lower is desirable. To collect anomalous data at
7 keV, Fe K edge (E=7.11 keV) is used for calibration. Similarly Cr K edge (E=5.99 keV) is
used for 6 keV; and Cs L) edge (E=5.01 keV) is used for 5 keV energy calibration.

Expected Bijvoet-difference signals are relatively weak for many SAD phasing problems,
certainly so for native SAD structures and often also for low-resolution SeMet SAD cases. It
then becomes imperative to take special considerations in reducing errors when making the
diffraction measurements. Errors may be random, systematic, or sporadic (i.e. inexplicable).
Random errors might be overcome by increasing the average measurement time for
reflections, or alternatively by increasing the redundancy in measurements at a given dose
rate. Radiation damage is, of course, detrimental to the purpose of reducing random errors
by increased exposure [17], and this may introduce added systematic error if excessive. If
multiplicity is achieved from different samples or different crystal orientations, systematic
components of error tend to be randomized which drives toward accuracy. High multiplicity
achieved at reduced dose in multiple orientation has proved very effective for achieving
satisfactory signal-to-noise [18]. This approach requires use of a multi-axis goniometer such
as PRIGo [19]. When radiation damage is a concern, data from different crystals may be
used to improve data quality [20,21]. Systematic errors that may arise from various effects,
such as sample absorption, may cancel in differences obtained by inverse-beam data
collection [22]. A common inverse-beam procedure is first to collect a wedge of data (5-10°
rotation), and then to repeat this wedge with the crystal rotated by 180° about an axis
perpendicular to the X-ray beam. By this strategy, Friedel mates recorded in the two wedges
suffer similar systematic errors, including those from the similar prior radiation doses, which
then tend to cancel on differencing. Sporadic errors can be eliminated by outlier rejection
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procedures that are integrated into most data reduction packages such as those noted below
[23].

For a good start in SAD phasing, diffraction data better than 6 A spacings for at-resonance
experiments and better than 3.5 A for off-resonance native SAD experiments are
recommended.

3.3 Anomalous signal analysis

Diffraction data processing packages HKL2000 [23], d*TREK]24], XDS [25], and
MOSLFM [26] may be used conveniently for anomalous data processing. All these packages
index diffraction patterns to obtain the lattice information, from which reflections can be
integrated and used for subsequent data reduction process either internally or through
external programs. Procedures for using individual programs may be found from their
website documentation and published literature. Here we use XDS [25,27] to illustrate the
deduction of anomalous signals. With XDS, the indexing may be performed from a single
pattern, wedge data or the entire data. For diffraction data to 3 A spacings or beyond, default
refinement parameters may be used; while for low resolution data, worse than 3.5 A,
parameters of beam center and the sample-to-detector distance may be better fixed for
reliable indexing and integration. The two parameters may be refined during the
optimization steps after the orientation matrix and unit cell parameters have been well
determined. To accommodate radiation damage, it is beneficial to use corrections for “ALL”
factors with “STRICT_ABSORPTION_CORRECTION=TRUE” for Bijvoet mates. During
integration, Bijvoet mates are separated and are not used for calculation of statistics. After
integration, XSCALE and XDSCONV within the XDS package can be used for obtaining
reduced data. Alternatively, XDS output can be used for downstream data processing by
external packages such as CCP4 [28] or PHENIX [29]. CCP4 programs POINTLESS and
AIMLESS (a new version of SCALA) [30,31] can be used for data analysis and reduction.
The same as in XDS, Friedel mates are treated as two separate reflections during merging in
AIMLESS or SCALA.

Data quality indicators for anomalous signals have been reviewed thoroughly [32,33].
Among these we prefer to use anomalous CC (ACC) and 4F o(AF) to quantify anomalous
signals (Fig. 4). ACC calculates the correlation coefficients between anomalous differences
in randomly split halves of data. The plot of ACC with respect to Bragg spacings gives an
indication of meaningful anomalous signals cutoff for substructure determination and
phasing. Due to increased measurement noise, anomalous signals drop with decreasing
Bragg spacings. The suggested cutoff value for ACC is 25-30% [34]; nevertheless, in our
practice, data at lower ACC may still be useful for substructure determination and phasing.
A second useful measure is the experimental anomalous signal-to-noise ratio, <|4A>/ o(<|
AA>), which is calculated by SHELXC or CCP4 programs and denoted A o(AF) for short.
As for ACC, the plot of AF o(A4F) with respect to Bragg spacings also indicates the strength
of anomalous signals. The expected value of AA o{AF) for random data is (2/7)Y2 [SHELX
manual, http://shelx.uni-ac.gwdg.de/SHELX/]; therefore values over 0.8 are associated with
meaningful anomalous signals provided that o values are properly estimated. Anomalous
signals in DnaK-ATP are significant as shown by the two dashed lines, red for ACC and blue
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for AA o(AF) (Fig. 4). Based on the ACC and A4F/o(AF) analyses, anomalous signals at 3.8
A may be used for substructure determination where ACC and AA o(AF) are 20.5% and 1.1,
respectively.

3.4 Substructure determination

To determine the phases for the overall structure, first the anomalous substructure has to be
determined, which is done from |4AF4,| data with reference to Eq. 5 for relatedness to the
|"F4| coefficients for the substructure. CCP4, PHENIX, SHELXD [35], and SnB [36]
packages can be used to determine the substructure of phasing atoms by direct methods.
SHELXD uses correlation coefficients (CC) between normalized structure factors of
observed |AF4 | data and those calculated from trial models as criteria to evaluate the
validity of substructure solutions. For each trial structure, CCgj; and CC,yeqx are calculated
based on all data and 30% of the weak data, respectively (Fig. 5) [34]. For DnaK-ATP
substructure determinations, we used 3.8 A data for search of 32 sites for either 10,000 or
1000 tries, both yielding clear separation of correct solutions (red cluster) and random
candidates (blue cluster). Although clear separation almost certainly indicates correctness of
solutions, candidates separated even marginally from the random CCg,/CCyeax Cluster, as in
Fig. 5b) might be useful. Such candidates may contain a partial substructure, which could be
refined and expanded to a complete structure during the phasing procedure (see Section 3.5).
For substructure determination by SHEL XD, a few parameters have to be explored to
enhance the success structure determination practice. The first parameter is the number of
tries. More tries will give a high probability of finding correct solutions. For DnaK-ATP, we
could not find substructures with 100 tries; but we found 5 solutions from 1,000 tries and 37
from 10,000 tries. It is advisable to have 10,000 tries for routine substructure determination.
The second parameter is the resolution cutoff as shown in Fig. 4. Including noisy high angle
data is detrimental for substructure determination. In general, a series of resolution cutoffs
for ACC between 30% and 10% may be screened for substructure determination. The third
parameter is the number of substructure phasing atoms for the searches. The exact number
of phasing atoms is often uncertain or unknown, for example, because of an ambiguous
number of molecules per asymmetric unit, unclear stoichiometry of heavy-atom
derivatization, or uncertainty in site flexibility and solvent ions for native SAD. In general, it
is wise to search for atoms from as few as 2 to as many as 100 to best cover the possibilities.

3.5 Phasing and density modification

Prior to phase calculation, the coordinate, occupancy and temperature factor parameters for
the deduced substructure are refined based on AF#h data. Then, the refined substructure is
used to calculate | F4(h)| and “ ¢4, from which in principle “¢7for the whole structure may
be evaluated algebraically from Eq. 5 as

°0,="0 ,+m/2 £ cosT (APn /(2 (f /), (M) (7)

Clearly, for strictly SAD phasing, with °¢4 known from the substructure, *¢7has two equally
possible solutions, thus posing the phase ambiguity problem. In actual practice, one uses
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phase probabilities rather than such an algebraic approach. The phase probability
distribution, A" ¢7), for this situation can be described by the form of

P(°¢,.)=N exp (Asin (°¢,.)+B cos (°¢,.)+C sin (2°¢,.)+D cos (2°¢,_.) (8)

with Hendrickson-Lattman coefficients A, B, C, D as defined for anomalous diffraction
based on Eqgs. 2 [37] or as deduced from another phase probability analysis. Moreover, the
substructure itself provides information for resolving the phase ambiguity intrinsic to SAD,
and such partial structure information was used for solving the crambin structure [4].
Substructure refinement by maximum likelihood methods [38] allows for simultaneous
substructure completion and phasing in PHASER [39]. After combining phase information
from SAD and the partial structure, the phase distribution is skewed toward the true solution
(Fig. 6). To use PHASER for substructure completion and phasing, different sigma values
for the log-likelihood gradient map may be tried for optimized results.

More generally, as discussed above in Section 1, SAD phase ambiguity can be resolved very
effectively by density modification [8] as shown by the sharp single-peak phase distribution
curve in Fig. 6. With the real space constraints that electron density cannot be negative and
that solvent regions have less density variation than the protein, the modified phases are
combined with SAD phases by Eq. 8. For the DnaK-ATP structure, the Fourier-synthesized
electron density distribution before density modification poorly defines the protein structure
(shown as the magenta C7agr; traces); whereas after density modification, the boundary of
the protein region is very well defined with B-stand and a.-helix features clearly resolved
(Fig. 7). Multiple density modification techniques, notably solvent flattening, solvent
flipping, histogram matching, and molecular averaging, were developed and implemented in
CCP4 programs DM and SOLOMON [40,9].

3.6 Model building and refinement

Density-modified electron density maps may be used directly for automated model building
when resolution is better than ~3.2 A. PHENIX, SHELX, ARP/WARP [41], and
BUCANNEER [42] may be routinely used for initial model building and refinement. These
programs implement an iterative phase combination and improvement procedure through
integration with cycles of model building and refinement. Under favorable cases, they may
generate a good starting model for further manual model building and adjustments in
graphics program COOT [43]. With the cycles of manual or automatic model building and
refinement, crystallographic R and Ry factors should decrease, which is an indication of
the quality of the model. Fig. 8a shows progress of the automated model building of DnaK-
ATP structure by ARP/WARP at 2.3 A resolution. At this resolution, pseudoatoms were first
used to fill up the experimental electron density map and then subsequently refined, which
resulted in initial R and R¢ee Values of 0.327 and 0.328, respectively. Both R and Ryyee
dropped persistently during cycles of model building and refinement, and they finally
converged to 0.178 and 0.237, respectively, after 40 cycles. We attribute this progression to
the high quality of the density-modified experimental phases. With this automated process,
ARP/WARP built 1110 ordered residues out of 1200 in the finally refined structure, with an
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estimated correctness of 97.3%. Fig. 8b shows the DnaK-ATP dimer built automatically by
ARP/WARP. Although programs can save a lot of work in model building, it is critical to
manually check and build the missing parts to complete the SAD structure determination.

4 Optimization of Anomalous Signals for Challenging Applications

SAD phasing has become sufficiently routine that it now dominates de novo crystallographic
structure determination [1]. Nevertheless, complications do arise that can stymie routine
analysis. These include inadequate anomalous scattering strength, limited diffraction due to
poor intrinsic order, small crystals, and radiation damage. Such effects especially afflict
state-of-the-art investigations such as on membrane proteins and large macromolecular
complexes. Two classes of problems that have remained particularly challenging are low-
resolution SAD analyses (dmin = 3.5 A) and only-light-atom native SAD analyses
(anomalous scatterer Z < 20), as is manifest in the under representation of such structures in
the Protein Data Bank [44]. When Bijvoet diffraction signals are relatively small (typically
<1% for S-SAD at 8 keV and ~4% for SeMet-SAD at the Se K-edge) and noise-causing
factors are present, it becomes challenging to achieve adequate signal-to-noise ratio in
diffraction measurements (Fig. 4). One can strive to enhance the signal-to-noise ratio by
increasing the strength of anomalous scattering or by reducing the level of noise.

4.1 Optimization of anomalous scattering strength

Anomalous scattering strength as measured by the Bijvoet diffraction ratio (Eq. 6) depends
on N4, the number of anomalous scatterers, and on £, the imaginary (absorptive)
component of the anomalous scattering factor, all relative to the diffraction of the entire
structure. Site occupancies, not considered in Eq. 6, are additional factors of concern,
typically so for heavy-atom derivatives and for SeMet proteins from eukaryotic sources.
These are helpful considerations in the design of experiments, but for a particular crystal the
composition is set. One then only has experimental control over £ and that control is
limited by synchrotron beamline properties. Opportunities for optimization of £ differ for
at-resonance versus off-resonance SAD experiments.

When an appropriate resonance edge is accessible for an anomalous phasing element at
issue, then clearly it is best to tune to the resonance peak of £*, which can be ascertained
from a fluorescence scan of the sample. The edge features for many resonances of interest
are exquisitely sharp (Fig. 1), so this tuning must be done with care. Moreover, because of
the sharpness, the peak value can readily be spoiled if the energy resolution of the particular
beamline is not adequate. For example, whereas the peak features for Se in SeMet proteins
are intrinsically very sharp [12], the focusing optics for divergent beams can blur these
features and reduce the maximal achievable value of £ [1]. Beam-defining slits can adjust
beam divergence and thereby improve energy resolution. For the future, beamlines at lower
emittance undulator sources, such as NY X at NSLS-11, promise to preserve the inherent fine
structure at resonant edges.

The resonant edge for an element of interest may be out of reach at an available beamline;
however, one might move to the lowest energy achievable to maximize ”. For example, the
K (33.17 keV) and L (5.19 keV) edges of iodine are both inaccessible at most beamlines,
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but iodine-SAD experiments are highly practical even with CuKa (8.04 keV) radiation and
are made even better at lower energy. Moreover, the resonances of S (2.47 keV) and Ca
(4.04 keV), which are important native-SAD elements, are out of reach for most beamlines.
Nevertheless, because 7~ values steadily increase as the X-ray energy is lowered toward
these resonance energies (Fig. 2), highly effective native-SAD experiments can be conducted
at 6-7 keV on many beamlines. Practical considerations of diffraction geometry as well as
parasitic X-ray absorption and background scattering complicate experiments at lower
energy [13], but these are now being explored at Diamond 1-23 [45] and Photon Factory
beamline 1A [46], and are planned for LAX at NSLS-I1.

4.2 Enhancement of signal-to-noise in anomalous diffraction

By arguments from Poisson statistics, if a reflected intensity records N counts, its standard
deviation, o(N) = VN, provides a measure of the noise in this intensity measurement. If the
X-ray dose is increased by a factor T, for example by recording T-times longer, the signal-to-
noise ratio, 1/a(l), is expected to increase by vT. Similarly, if a given reflection is
independently measured M times, the signal-to-noise ratio for these M measurements, <I>/
o(<I>), is expected to be VM times that of an individual measurement. The effectiveness of
increasing multiplicity to improve anomalous diffraction analysis has been demonstrated in
several studies [47,48]; however, such effectiveness is limited by the radiation sensitivity of
the sample [49]. In principle, by using multiple crystals the limitation from radiation damage
can be circumvented provided that the crystals are statistically equivalent.

We demonstrated the effectiveness of multi-crystal SAD first by solving a relatively large
histidine kinase sensor domain (1456 ordered residues) from eight SeMet crystals [20] and a
membrane transporter from three SeMet crystals [50], both at the low resolution of 3.5 A.
The method is of general utility and simplicity and can be used robustly to enhance weak
anomalous signals from sulfur for native-SAD phasing [51,13]. Similar procedures have
been implemented in CCP4 program BLEND [52] and PHENIX program
phenix.scale_and_merge [53] for combing multi-crystal diffraction data.

To make sure that diffraction data from different crystals are indeed equivalent, we devised
three statistical metrics for outlier rejection; and their effectiveness in multi-crystal native-
SAD phasing has been demonstrated [51,13]. Unit cell variation defines the combined
difference of unit cell parameters (both dimensions and angles of the reduced cell). Only
crystals with unit cell variation of less than 3o may be merged together; which may be
conveniently calculated by clustering analysis. In addition, the diffraction intensities may be
used for precise analysis by diffraction dissimilarity analysis in which the intensities of two
crystals are correlated and only compatible data sets (diffraction dissimilarity < 5%) are
merged. To quantify anomalous contribution from individual crystals, relative anomalous
correlation coefficient (RACC) is used for data correlation analysis. The RACC analysis
compares anomalous signals from individual crystals to the merged one; and checks for their
relative contribution to the overall anomalous signals. If the contribution from a single
crystal is too small or even negative, e.g. reducing the overall ACC, the crystal may be
rejected from further use. Through the combination of these three metrics, reliable
anomalous signals may be obtained for robust de novo SAD phasing. There are, however, no
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clear guidelines on exact rejection parameters. For real-life applications, diffraction
dissimilarity and RACC are resolution dependent, and it may be worth trying different cutoff
combinations. It is also worth noting that improvement from multiple crystals seems to be
asymptotic, which is likely crystal and experiment dependent [51].

We again illustrate the enhanced anomalous signals with our structure determination of
DnaK-ATP by native-SAD phasing [13]. This structure determination was not trivial, which
is not surprising because ACC in any single data set is far inferior to the merged one (Fig.
9a). With the progressive inclusion of statistically compatible crystals as judged by the three
metrics [13], ACC increased gradually and made the substructure determination and
subsequent phasing successful from the merged data (Fig. 9b and Fig. 5).

5 Anomalous scattering in chemical and molecular identification

Because anomalous scattering is a resonant phenomenon, dependent on chemical-specific
orbitals, the Bijvoet differences and associated Bijvoet-difference Fourier syntheses can
provide exquisitely sensitive indicators of chemical species. Such identifications from
anomalous scattering can be very helpful in biomolecular structure analysis.

5.1 Element and chemical state identification

The identity and chemical state of metals in metalloproteins can be evident in associated X-
ray absorption spectroscopy, and anomalous diffraction analyses can associate these
properties with individual sites. Thus, one can readily associate elemental identity with
specific sites in metalloproteins by preparing Bijvoet-difference Fourier syntheses at the
peak energies of candidate ions. It is also possible to go beyond element identification to
site-selective state identification by the procedure of spatially resolved anomalous dispersion
refinement [54]. As applied to nitrogenase, where diffraction-derived spectra were obtained
from refinements of 7 at 17 energies for 14 Fe sites in the molecule, reduced-state sites
were distinguished from oxidized sites [55].

Another common use of anomalous diffraction in element identification concerns
biologically relevant low-Z ions, such as Na*, Mg2*, K*, CI~ or Ca2*, which are prevalent
constituents in channels, transporters and other biomolecules. Since the resonance edges of
these light elements are typically inaccessible, identification are often made indirectly
through substitutions such as of Na* and K* by Rb* or TI* or of Mg2* and Ca2* by Sr2* or a
lanthanide [56]. This, of course, introduces questions of ion compatibilities. We recently
introduced the effective alternative of identifying sites in multi-crystal-enhanced Bijvoet-
difference syntheses and then performing 7 refinements for each candidate [13]. Using 7
keV X-rays for five native-SAD structures, we succeeded in accurately identifying Mg2*, P,
S, CI-, K™ and Ca2* atoms (Z=12—-20). Other properties such as chelating geometry are also
useful in identifying ion sites [57].

5.2 Molecular markers for chain tracing

There can be substantial uncertainty in chain traces made a low resolution (e.g. 3.5 A or
lower), particularly when phasing may be somewhat problematic. An ancillary benefit of
SeMet structure determination has been the use of identified Se sites for definitive placement
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of methionine residues. It has also become rather commonplace to introduce methionine
sites by site-directed mutagenesis, which can readily replace leucine and isoleucine residues
[58] at strategic positions to obviate uncertainty in tracing. Early examples of using
introduced SeMet sites at low to modest resolution include a domain-positioning analysis of
a spliceosomal snRNP [59] and disambiguation of chain tracing for a CLC chloride
transporter [60] and for P-glycoprotein [61]. Recently, more in the category of hypothesis
testing than chain tracing, an introduced SeMet residue was used to identify a putative gating
site in a TRPV6 channel structure [62]. Increasingly, as native SAD has taken hold and
whenever data are measured at lower energy, the positions of sulfur atoms serve as
comprehensive natural markers for methionine and cysteine residues. A procedure has been
developed expressly for the purpose of defining such weak anomalous sites [63].

5.3 Localization of ligands

Anomalous scattering can be used to locate ligands that contain identifiable anomalous
scatterers, such as Mg-ATP for which the phosphorus and magnesium atoms can be located
[13,14]. Another important area of expanding application is in fragment-based drug
development. Brominated or iodinated compounds are featured in fragment libraries that are
used to identify weakly binding compounds that have substantial potential for chemical
expansion into drug-development leads [64,65]. In addition, these halogen atoms can even
be used in structure determination by SAD phasing [66].

6 Emerging developments and future perspectives

Recent developments greatly accelerated the SAD phasing which is now dominating de novo
structure determination practice. With the fast read-out pixel array detectors such as
PILATUS 6M, ADSC HF 4M, and EIGER 16M [67,68], it is now routine to collect
complete data sets in a few minutes or less. These detectors enable the use of raster scanning
technique for identifying diffraction hot spots without visually seeing crystals as common
for frozen crystals embedded in lipid cubic phase. Pixel array detectors are also ideal for
collecting fine-slicing data for obtaining improved statistics and data quality [24,69]. If
radiation damage is not an issue, multiple data sets and multiple orientations from a single
crystal could be used to improve diffraction statistics [48,70]. In addition, the pixel array
detectors may permit energy discrimination whereby parasitic fluorescence X-rays can be
filtered out.

The integration of substructure determination and phasing are pushing the limit of SAD
phasing to allow for use of very weak anomalous signals [71,72]. The iterative model
building and refinements procedures as implemented in PHENIX, SHELX, ARP/WARP and
BUCANNEER have been greatly useful for automated structure determination. However
these programs are most useful at resolutions of about 3.2 A or higher. At low resolution,
due to insufficient number of unique reflections for refinement and less atomic features for
chain tracing and side chain docking, new algorithms are needed for automated low-
resolution phasing and model building. The incorporation of chemical and bioinformatics
knowledge into crystallographic model building cycles may improve geometry and
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reliability. Better treatment of anisotropy, disorder, and radiation damage at low resolutions
are also aspects of consideration for future development.

Contemporary SAD phasing uses crystals with sizes of about 20 microns or larger. For
smaller crystals, radiation damage may kill the crystal before useful anomalous signals can
be obtained. X-ray free electron lasers have been promising to overcome radiation damage
to micron-sized crystals for both Gd-SAD and native-SAD phasing [73-75]. However, X-ray
free electron lasers require huge numbers of crystals and are not available for most
crystallographers. To make microcrystal SAD routinely accessible, synchrotron beamlines
need to be optimized for focused microbeam with high-accuracy goniometers for precise
delivery of microcrystals into the beam. New methods for harvesting and cryocooling
microcrystals also need to be developed and optimized.
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Fig. 1. X-ray anomalous scattering absorption edges
(a) Anomalous scattering factor real component f* (bottom) and imaginary component f”

(top) from Se. (b) Anomalous diffraction imaginary component f” for Se K edge, Yb Ly
edge, U My and U My, edges. The Se K edge is from a crystal of selenomethionyl human
chorionic gonadotropin [76], the U M)y, and U My, edges are from uranyl nitrate [77], and
the Yb L, edge is from a ytterbium-derivatized crystal of N-cadherin [78]. Reproduced with

permission from Elsevier Ltd. for (a) and the Proceedings of the National Academy of
Sciences of the United States of America for (b).
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Fig. 2. Anomalous scattering factor f” for light phasing atoms S (magenta) and Ca (blue)
The near-edge data for S and Ca were combined with off-resonance 7~ spectra from

guantum calculations [79] with experimental X-ray Absorption Near-Edge Structure
(XANES) data for S [80] and Ca [81] fitted by using program Chooch [82].
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Fig. 3. Periodic table of phasing elements
Elements currently used in at-resonance experiments are highlighted in green; and elements

used in off-resonance experiments are highlighted in yellow. Reproduced from [1] with

permission from Cambridge University Press.
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Fig. 4. Anomalous signal indicators
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AF/o(AF)

Anomalous correlation coefficient (ACC) (red) and AF o(4F) (blue) for DnaK-ATP [13,14]

were shown. Dashed red line at 30% and dashed blue line at 0.8 are cutoff values for

evaluation of ACC and AF/o(AF), respectively.
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Fig. 5. CCyeak/CCgq plots for substructure determination by SHELXD
Red and blue clusters show the correct and random solutions, respectively. The numbers of

correct solutions from 1,000 and 10,000 tries were indicated. The native-SAD data for
DnaK-ATP were used for the plots.
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Fig. 6. Anomalous phasing ambiguity resolved by density modification
This is the phase probability distribution for a reflection in the DnaK-ATP data. For this

reflection, the phase ambiguity was partially resolved (red line) by maximum likelihood
refined substructure in PHASER [39] and fully resolved (blue line) after density
modification in DM [9].
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Fig. 7. Electron density maps of SAD phasing
(a) Electron density distribution before density modification. (b) Electron density

distribution after density modification. The Ca tracings of the built structure are shown as
magenta lines. The native-SAD data for DnaK-ATP were used for the figures.
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(a) Progression of R and Ryee factors during cycles of model building and refinement of
DnaK-ATP in ARP/WARP. (b) A ribbon diagram of the auto-built DnaK structure as a

dimer.
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Fig. 9. Enhanced anomalous signals from using multiple crystals
(a) Anomalous CC of five DnaK-ATP data sets and the merged (All). (b) Anomalous CC of

the progressive accumulation of the five DnaK-ATP data sets, added one by one.
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