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\ Synchrotron X-ray crystallography is a widely-used method in structural biology and
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materials sciences for solving crystal structures with atomic-scale resolution. In a typical

crystallography experiment, a large number of diffraction peaks or Bragg reflections are
recorded on an area detector while rotating or oscillating a crystal specimen (Fig.1a).
The intensity recorded for each Bragg reflection depends only on the magnitude of its
structure factor, but not on its phase, which is also needed to determine the atomic posi-
tions in a crystal. This is the fundamental phase problem in diffraction and its general
solution remains an active area of research.

As a part of a larger scientific initiative on crystallo-
graphic phasing and innovative X-ray scattering at CHESS,
we have recently developed a phase-sensitive reference-beam
diffraction (RBD) technique that has the potential to solve
the phase problem in crystallography [1]. The technique is
based on the principle of multiple-beam or three-beam dif-
fraction [2] which has been known to contain the phase in-
formation but the profiles are usually measured one at a time
which is very time-consuming. In the new method, we incor-
porate this principle into the most popular crystallographic
data collection technique - the oscillating crystal method, which
provides a parallel collection of many three-beam interfer-
ence profiles and allows measurements of both magnitudes
and phases of a large number of reflections.

As illustrated in Fig.(1), the new RBD method is a simple
conceptual modification [1] to the conventional oscillation cam-
era setup in the direct-beam geometry. Instead of being per-
pendicular to the incident X-ray beam, the oscillation axis in
RBD geometry is tilted by the Bragg angle 6 of a strong
reference reflection, G, which is oriented to coincide with the
oscillation axis. In this way, reflection G can be kept fully
excited throughout the crystal oscillation, and the intensities
of all Bragg reflections recorded on an area detector during
such an oscillation can be influenced by the interference with
the G-reflected reference wave and thus are sensitive to the
relative phases of the reflections involved.

The three-beam diffraction process that governs a RBD
interference involves the reference reflection G, a primary
reflection H, and a coupling reflection H-G. Using a second-
order Born approximation [3] or an expanded distorted-wave
approximation [4], it can be shown that the interference ef-
fect is sensitive to the triplet phase angle: 6=a,, .+a -a,,
which is independent of the choice of origin in a unit cell. In
addition to &, the phase of the G-reflected wave can be tuned
by rocking the tilt angle © through the G-reflection rocking
curve, much like in an X-ray standing-wave experiment. Ob-
servations of intensity I, as a function of © for each of the
Bragg reflections recorded on the area detector yields a com-
plete interference profile I, (6), which is given by a normal-
ized intensity [1]:
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where R (0) is the reflectivity and v (0) is the dynamical
phase shift of the reference reflection G. Both R () and
V() are known and common to all reflections recorded on
the area detector, and therefore any difference in /,(6) be-
tween two recorded reflections is due entirely to the differ-
ence in phase 0.

We have demonstrated the RBD technique both on small
molecule crystals and on real but good-quality biological crys-
tals, such as tetragonal lysozyme [1]. Typically we use unfo-
cused monochromatic 10 keV X-rays as an incident beam, a
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standard 4-circle diffracto-
meter for specimen orientation,
an oscillation camera setup for

() Conventional oscillation method

crystallographers with a broad range
of background, we are developing a
data-analysis procedure that would

exposure controls, and an m-_;:_'h automatically extract the triplet phase
image-plate or a charge- & values for a large number of Bragg
coupled device (CCD) as the ™ kg reflections collected in a RBD ex-
area detector for data L e periment. First, we use existing crys-
collection. "%, & . tallographic software packages such

Ll T as DENZO/SCALEPACK or DPS/
The first ever reference-beam . MOSFLM/SCALA for indexing a

diffraction image was obtained at
the CHESS C-1 station in June of
1997 using a GaAs crystal with
(004) as the reference reflection [1].

reference-beam diffraction pattern
and for integration of the recorded
Bragg reflections, for each © step,
to provide a series of integrated in-
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age plate that was operated in 'F.! = e a cufve-litting program to 1it the
. , . e (T kg, I (0) data series to a RBD interfer-
streak camera’ mode in order to . = TR I H . . .
C .. i A AR Ty ence function, Eq.(1), which directly
minimize the read-out errors for Aol Y T L .
multiple exposures. The raw data Ky T e yields the best-fit values of 5 for all
. L a=n 4 e : . .
| | . - recorded reflections, as illustrated in

image is shown in Fig.2. The RBD
interference profiles of all recorded
Bragg reflections are clearly visible

in the image, as shown by the inten- Figure 1: Schematics of (a) conventional oscillation setup
sity variations along the sixteen mul- used in X-ray crystallography, and (b) new reference-beam
tiple exposures taken as the rock- diffraction in Bragg-inclined geometry, where two sets of
diffraction patterns (blue and red) interfere and generate a
phase-sensitive diffraction image on an area detector.

ing angle O is stepped through the
(004) rocking curve.

The experiments on tetragonal lysozyme were designed
both to test the feasibility of the RBD method for small pro-
teins and to develop a practical procedure for the measure-
ments and data analysis [5]. Initial experiments on lysozyme
were performed at CHESS C-1 and F-3 bend magnet sta-
tions, again using an image-plate in streak-camera mode. A
typical diffraction image with G=(3,2,0), shown in Fig.3, con-
tains nine O steps with a 10 seconds exposure per step for a
1° oscillation range. It was found that the RBD interference
profiles, even though much weaker than small molecule cases,
were nevertheless detectable for as many as 20% of the dif-
fraction spots.

One apparent drawback of using image-plates in streak-
camera mode is the artificially increased high background
due to the multiple exposures on the same plate during the
RBD data collection. The best way to solve this problem is
to use a CCD detector (Fig.4) that has a larger dynamic range
and can be used for multiple exposures controlled electroni-
cally. These experiments were done at A-2 and C-1 stations
and some examples of the results are shown in Fig.5. These
RBD profiles are improved due to the increased number of ©
steps and longer exposures times.

With the aim to make RBD a real practical technique
that can be used not only by X-ray specialists but also by

Fig.5. Finally, we have a goodness-
of-fit criterion that allows us to re-
ject bad intensity profiles that for
various experimental reasons do not
actually contain the true interference
information. So far we have obtained
over 1300

triplet phases through automatic fitting, of which over 500
phases are likely to be considered reliable after applying the
rejection criterion. It is expected that the reliability of mea-
sured phases would increase once the inverse-beam mea-
surements of Friedel pairs [5] are fully integrated into the
analysis. This would also allow an unambiguous determina-
tion of the enantiomorph for non-centrosymmetric structures,
without the need for anomalous signals.
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Figure 2: The first reference-beam diffraction oscillation image taken on
a GaAs crystal using an image-plate. The oscillation range was 20° and
the exposure time was 40 sec at each O step. The interference profile
along the 16 multiple exposures can be seen for all recorded reflections.
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Tetragonal Ivsozyme: Ag=1° 10 sec
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Figure 3: Reference-beam diffraction data on a tetragonal lysozyme
with G=(3,2,0), using an image-plate. Inset shows an example of the
interference profile of one of the reflections as indicated by the arrow.

Finally, we have been collaborating with Dr. Herbert
Hauptman’s group at Hauptman-Woodward Institute (HWI)
in Buffalo, N.Y. to exploit the best strategies to utilize the
experimentally measured triplet phases. So far the most prom-
ising method is to combine these measured phases with tradi-
tional or dual-space direct-methods algorithms. One impor-
tant and interesting question that we are trying to address is
the following: With very little overlap among the individual
structure-factor phases in a given RBD data set, how many
such data sets with different G’s, either complete or partial,
does one need to solve realistic structures? Preliminary simu-
lations [6] using a unified Shake-n-Bake program suggest that
a structural solution is possible for small proteins with even a
single measured phase data set (single G) if the data-set is
rather complete (though less than atomic resolution) and ac-
curate with a measurement error of less than 20° or so in the
measured triplet-phases. The tolerance on the phase errors
can be as high as 50° if three or more RBD data sets are
measured. These early results are encouraging but further
tests are needed to reach a general conclusion.

In terms of data collection procedures, the RBD
method presented here is very similar to multiple-wave-
length anomalous diffraction (MAD) experiments. Here
the angular setting of the reference reflection G serves
the same role as the atomic absorption-edge energy of a
heavy-atom. Multiple oscillation data sets are collected
around the Bragg angle 6 , much like those around the
absorption edge, with similar useful signal levels of a few
percent. In fact, instead of changing the rocking angle 6, one
can change the incident energy to pass through the refer-
ence-reflection rocking-curve and take multiple data sets at
several energies. An additional advantage is that no global
scaling is necessary in RBD measurements so that incom-
plete data sets from different crystals can be easily com-
bined.

Looking ahead, we feel that the reference-beam dif-
fraction technique that we have developed at CHESS is a
promising practical method of solving the phase problem in
X-ray crystallography, without the need for heavy atoms. Sev-
eral challenging issues need to be resolved before the tech-
nique can be widely adopted in everyday crystallography.
These include how to handle increased crystal mosaicity upon
freezing, and possible overlapping multiple reflections for larger
structures. With further research and development, how-
ever, we believe that the new method will have a significant
impact on crystallography data collection and crystal struc-
ture determination.

Figure 4: Reference-beam diffraction setup using a CCD
detector on a standard 4-circle diffractometer.
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Figure 5: Two examples of the measured reference-beam diffraction
profiles using a CCD detector, along with the rocking curve of the refer-
ence reflection G=(2,3,0) shown in (a). The blue curves in (b) and (c) are
best-fits to the data using Eq.(1) from which triplet phase values 6, can
be obtained. The rocking curve is fit with a Lorentzian.
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