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In 1954, Howells and colleagues described an unusual

diffraction pattern from imidazole methemoglobin crystals

caused by lattice-translocation defects. In these crystals, two

identical lattices coexist as a single coherent mosaic block, but

are translated by a ®xed vector with respect to each other. The

observed structure is a weighted sum of the two identical but

translated structures, one from each lattice; the observed

structure factors are a weighted vector sum of the two

structure factors with identical unit amplitudes but shifted

phases. A general procedure is described to obtain the unit

amplitudes of observed structure factors from a realigned

single lattice through an X-ray intensity correction. An

application of this procedure is made to determine the crystal

structure of '29 DNA polymerase at 2.2 AÊ resolution using

multiple isomorphous replacement and multiwavelength

anomalous dispersion methods.
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1. Introduction

In 1954, Howells and colleagues obtained an unusual X-ray

diffraction pattern from crystals of imidazole methemoglobin

(Bragg & Howells, 1954). The normally monoclinic met-

hemoglobin crystal form had been converted to a new form

that they called `statistically orthorhombic'. Howells and

colleagues proposed a packing model that accounted for this

transformation. They suggested that the packing of molecules

within planes perpendicular to the c axis was identical in both

crystal forms. However, in the statistically orthorhombic form

successive layers were displaced relative to each other. The

magnitude of the displacement was a de®nite amount, but its

direction varied stochastically and was either parallel or

antiparallel with the a axis. The observed structure factors

were a summation through all layers, which could be mathe-

matically divided into two groups or two lattices, one with a

small displacement in the +a direction and the other with the

same magnitude of displacement but in the ÿa direction. We

refer to this phenomenon, in which two lattices coexist as a

single coherent mosaic block, but are translated by a ®xed

vector with respect to each other, as lattice-translocation

defects.

The lattice-translocation defects observed in imidazole

methemoglobin had a dramatic effect on the re¯ection shapes

in diffraction images. While some re¯ections remained sharp,

others could be classi®ed as moderately sharp, diffuse and

very diffuse (Bragg & Howells, 1954). This change in shape

was a consequence of the fact that successive c layers, although

they belonged to different lattices, diffracted coherently (in

marked contrast to diffraction in merohedrally twinned crys-

tals, where coherent interactions between different lattices are

minimal and there is no change in spot shapes).



Cochran & Howells (1954) were able to provide a quanti-

tative explanation for the change in spot shapes. When the

translation between two layers was associated with no phase

shift or a phase shift of magnitude 2n�, sharp and strong

re¯ections were observed. However, phase shifts of other

values created smeary re¯ections; in particular, those asso-

ciated with a phase shift of (2n + 1)� were weak and diffuse.

Because the shifts between layers occurred stochastically, no

single super-lattice with enlarged cell edges could encompass

them.

The extent of the lattice-translocation defects and the

translational relationship between the two lattices in the `two-

lattice' treatment, as described below, can be established

through the native Patterson map calculation. Phase shifts

between the two lattices introduce an extra strong±weak

modulation of X-ray intensities that is not present in indivi-

dual lattices, which in turn results in extra peaks in the native

Patterson maps. The Patterson peak heights are a function of

the magnitude of the modulation or the extent of the lattice-

translocation defects; their locations are a function of trans-

lation vectors relating the two lattices. Additionally, the

possible systematic underestimation of the smeary re¯ection

intensities during intensity integration may further increase

the Patterson peak heights. When molecular structures in

individual lattices are known, the lattice-translocation defects

can in principle be accommodated by using an atomic model

that explicitly includes both lattices: the calculated Patterson

maps can then be matched with the observed Patterson maps.

However, the resulting electron-density maps would still not

be interpretable owing to the overlay of the two lattices with

different origins, despite a possible perfect agreement between

the observed and calculated structure factors in both ampli-

tudes and phases. Therefore, this procedure is not suitable for
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Table 1
Symbols and de®nitions.

td Lattice-translocation defect vector
ti Intermolecular (particle) vectors within one

asymmetric unit
Funit Unit structure factors without lattice defects
Iunit Unit intensities without lattice defects
Ftotal Total structure factors from two structures from

two lattices
Itotal, Iobs Observed total intensities
�, 1 ÿ � Two fractions of lattice-translocation defects
M, N No. of layers that make up a lattice-translocation

defect
a, b, c, �, �, 
 Real unit-cell parameters
a*, b*, c*, �*, �*, 
* Reciprocal unit-cell parameters
h Vector of reciprocal-space index h, k, l
l Reciprocal-space index l
h il Layer-average measurement for a given index l
�z z component of td or ti

f Intensity correction factor (1/f)
Q The sum of squared differences between the ®tted and

observed functions
A, B An average intensity and its variation
r The ratio between A and B; r = B/A
v The layer-averaged intensity ratio between indexes

l = odd and even
p The ratio between the Patterson peaks at (0, 0, 1/2)

and (0, 0, 0)

Figure 1
Observed alternating sharp and diffuse re¯ections as a function of the
reciprocal-space index l. This feature was present in the nearly 300
crystals we examined in this crystal form for the structure determination.
(a) A native crystal. (b) A Hg-soaked crystal that was used for
multiwavelength anomalous dispersion data collection and structure
determination.



solving a new structure that requires map interpretation. An

alternative procedure, described here, is to computationally

realign the two translocated lattices into a single lattice. This

procedure ®rst establishes the vector (td) relating the two

lattices and the fractions (� and 1 ÿ �) of each lattice using a

native Patterson map calculation. With these parameters, a

correction is made to the observed intensities to remove all

modulation introduced by the lattice-translocation defects.

Bacillus phage '29 DNA polymerase is a model enzyme for

studying DNA replication initiated at the end of chromosomes

(Meijer et al., 2001). It possesses both 50-30 DNA polymerase

and 30-50 exonuclease activities, intrinsic strand-displacement

activity and a processive capacity and has the capability of

catalyzing the priming reaction using the terminal protein as a

substrate. It belongs to the B-family of DNA polymerases and

its closest relative of known structure is RB69 DNA poly-

merase (Wang et al., 1997).

Bacillus phage '29 DNA polymerase was initially crystal-

lized in a monoclinic space group (P21, unit-cell parameters

a = 59.9, b = 169.4, c = 68.6 AÊ , � = 107.6�) with a severe lattice-

translocation defect (Fig. 1). In each diffraction image, nearly

half of the data within alternate zones (with l = 2n + 1) had

smeary features with streaky axes parallel to the a* direction.

This defect severely reduced the quality of integrated X-ray

diffraction data (Table 1). Prior to the completion of structure

determination (Kamtekar et al., 2004),

over 300 crystals had been examined

and fewer than ®ve crystals had negli-

gible lattice-translocation defects. On

several occasions, `statistically orthor-

hombic' lattices were also observed

with the new a unit-cell parameter

equal to 2asin�, exactly like those

which led to the original discovery

of lattice-translocation defects (Bragg

& Howells, 1954). The statistically

orthorhombic (or stochastic) crystals

of '29 DNA polymerase and of

methemoglobin are fundamentally

different from instances in which

pseudo-merohedral twinning leads to a

conversion from monoclinic to ortho-

rhombic (Rudolph et al., 2004). Owing

to coherent diffraction, the stochastic

crystals yield diffraction spots of

varying shape; the lack of coherent

diffraction between mosaic blocks in

pseudo-merohedral crystals precludes

this effect. The '29 DNA polymerase

crystals diffracted to a resolution of

2.1 AÊ . There were two molecules per

asymmetric unit, related by a non-

crystallographic twofold axis that was

perpendicular to the crystallographic

dyad, with a calculated Matthews co-

ef®cient of 2.5 AÊ 3 Daÿ1 and a solvent

content of 51%. The lattice-transloca-

tion vector was approximately (0, 0, 1/2), as derived from the

native Patterson map calculation.

2. A generalized formulation for correcting
lattice-translocation defects

We propose a two-lattice treatment for lattice-translocation

defects in which a subset of the layers in a crystal (N layers;

symbols and de®nitions are listed in Table 1) is offset with

respect to the remaining layers (M layers) in the lattice by a

translocation vector td (Fig. 2). In this treatment, all lattices

are made of layers that lie parallel to the bc plane and are

stacked along the a* axis. X-rays scattered from the two sets of

layers differ by a phase shift of exp(2�ihtd), where h is the

reciprocal vector and td is the translocation vector. If the

structure factor for each layer is Funit, the total structure factor

Ftotal is

Ftotal � �M � N exp�2�ihtd��Funit: �1�
Expressing the relative number of M and N layers in terms of

their fractions of the crystal � and (1ÿ �) and reassigning Funit

as a structure factor for one unit cell, the total structure factor

of one unit cell, Ftotal, becomes

Ftotal � ��� �1ÿ �� exp�2�ihtd��Funit: �2�
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Figure 2
A lattice-translocation defect model. (a) The lattice has a layer structure with layers (parallel to the
bc plane) stacked along the a* direction. A fraction of layers (N = 2, layers A3 and A4) has a
translocation offset t in the c axis with respect to the rest (M = 3, layers A1, A2 and A5). (b) A new
`superlattice' (shown in magenta) emerges with ac dimension reduced by half for all re¯ections with
l = even indexes.



The corresponding intensity relationship is

Itotal � �2�2 ÿ 2�� 1�
�

1� 2��1ÿ ��
2�2 ÿ 2�� 1

cos�2�htd�
�

Iunit

� A�1� r cos�2�htd��Iunit � fIunit; �3�

where A = (2�2 ÿ 2� + 1), r = 2�(1 ÿ �)/(2�2 ÿ 2� + 1) and f is

the extra modulation factor that is introduced into the

observed intensities by the lattice-translocation defects. After

its determination, the intensity modulation can then be

removed upon application of the correction Iunit = (1/f)Itotal.

(3) has three parameters to be determined: the translocation

vector td, the fraction � and the overall scale factor, which

combines with the (2�2 ÿ 2� + 1) term.

The lattice-translocation vector td is determined using the

Patterson function method. For example, in data set 3 (Fig. 3)

from '29 DNA polymerase crystals td = (0, 0, �z) with �z

precisely equal to 1/2 and in data set 2 �z = 0.4735

(approximately equal to 1/2). X-ray diffraction statistics for

data set 3 are given in Table 2. The corresponding peak heights

are 27 and 54% of the origin peak, respectively, for data sets 3

and 2. The consequences of the Patterson peak heights (and

the derived severity of defect fractions, see below) may appear

to be counterintuitive, because data set 3 has robust variations

through all l indexes while data set 2 has large variations at

both high and low l indexes but small variation at medium l

indexes (Fig. 4). However, there is no simple relationship

between the Patterson peak heights (p) at a general location

and the intensity variation ratio (r) between zones in diffrac-

tion. When td = (0, 0, 1/2), p = r as de®ned in (8). For data set 2,

the value �z (0.4735) becomes 1/2 when data are truncated to

very low resolution and its intensity variation ratio (r; for

example, between l = 3 and l = 2) is indeed much larger than

for data set 3 (Fig. 4). Many other data sets have slight

variations in peak heights and �z (mostly near 1/2). Data set 1

had its ®rst constructive diffraction power addition at the

index l approximately equal to 15 with small layer-averaged

intensity variations (Fig. 3). The Patterson map also showed a

small peak (6% of the origin peak height, which is consistent

with the small layer-averaged intensity variations) at �z = 0.07

(which corresponds to index l approximately equal to 15).

Such a small �z vector could not be determined accurately

owing to truncation-ripple effects of the origin peak in the

Patterson map calculations. Data set 1 was approximated as an

ideal data set without (or with minor) lattice-translocation

defects. Because td has only a small �z component with
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Figure 3
Observed variations of layer-averaged intensity in three data sets as a
function of the reciprocal-space index l. These three sets are
representatives of many data sets that we have collected. Data set 1
had a negligible lattice defect, with little variation in the plot.

Table 2
X-ray diffraction statistics of crystals with and without lattice-transloca-
tion defects.

(a) A typical crystal with defects. A full 180� X-ray diffraction data set from
one crystal was collected with 0.5� per image at Advanced Photon Source,
Chicago. Data were integrated with 0.5 mm spot radius and 5� three-
dimensional pro®ling (ten images in this case) using HKL-2000 (Otwinowski
& Minor, 1997). Mosaicities varied from 0.8 to 1.5� with an average of 1.15�.
With this spot radius, data were 100% complete. Other spot radii were used in
test integration runs, but failed to improve the statistics. Large spot radii led to
apparent overlaps. This data set was used in analysis as data set 3 in Figs. 3
and 4.

Resolution(AÊ ) I/�(I) Rmerge

30.0±7.56 11.4 0.117
7.56±6.02 9.85 0.129
6.02±5.26 9.41 0.131
5.26±4.78 9.04 0.122
4.78±4.44 9.09 0.121
4.44±4.18 8.79 0.129
4.18±3.97 8.43 0.141
3.97±3.80 7.82 0.160
3.80±3.65 7.40 0.172
3.65±3.53 6.99 0.185
3.53±3.42 6.27 0.211
3.42±3.32 5.85 0.222
3.32±3.23 5.88 0.258
3.23±3.15 5.10 0.301
3.15±3.08 4.51 0.340
3.08±3.02 3.88 0.394
3.02±2.96 3.38 0.442
2.96±2.90 2.96 0.492
2.90±2.85 2.72 0.516
2.85±2.80 2.37 0.568
Overall, 30±2.8 7.55 0.171

(b) A crystal without defects. One crystal that suffered from negligible defects
was obtained after the structure of '29 DNA polymerase had been
determined and partially re®ned using intensity-corrected data sets. This
crystal also diffracted to 2.2 AÊ resolution. X-ray diffraction data from this
crystal were then used for the ®nal structure re®nement (Kamtekar et al.,
2004) and are available from the Protein Data Bank (code 1xi1). Although the
lattice-translocation defects strongly affected the quality of data, there was no
direct correlation between the resolution limit of a crystal and the extent of
the defects it suffered from.

Resolution(AÊ ) I/�(I) Rmerge

50.0±4.74 19.2 0.065
4.74±3.76 14.6 0.079
3.76±3.29 11.4 0.099
3.29±2.99 9.80 0.125
2.99±2.77 8.11 0.166
2.77±2.61 5.72 0.237
2.61±2.48 4.59 0.304
2.48±2.37 3.68 0.361
2.37±2.28 2.58 0.440
2.28±2.20 1.98 0.538
Overall, 50±2.2 12.4 0.097



�x = �y = 0, the intensity modulation caused by such lattice

defects is simply a function of the reciprocal-space index l as

shown in layer-averaged observed intensity (Fig. 3). The

average intensity (on an arbitrary scale with an overall scale

factor) for all layers can be represented by the parameter A as

shown in (3) and the amplitude of variations between layers

can then be represented by the parameter Ar. In this case, the

maximum of average intensity is (A + Ar) and the minimum is

(A ÿ Ar). If we let B = Ar = 2�(1 ÿ �), (3) becomes a two-

parameter linear equation

Itotal � fIunit � �A� B cos�2�l�z��Iunit �4�
or

hIobsil � f hIunitil � �A� B cos�2�l�z��hIunitil: �5�
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The parameters A and B can be obtained using a standard

least-squares minimization with the function Q to represent

the sum of the squared differences,

Q �P
l

fhIobsil ÿ �A� B cos�2�l�z��g2: �6�

When A and B are determined, the intensity-correction factor

f can be applied to the observed data as 1/[A + Bcos (2�l�z)]

for both measured intensities and their errors. After applying

the correction, the layer-dependent variations of intensity in

data sets 2 and 3 have been completely eliminated (Fig. 4).

Amplitude differences between data sets 2 and 1 and between

data sets 3 and 1 are also reduced by 3.7 and 7.0%, respec-

tively, with a maximal reduction of about 10% (Fig. 5). In this

particular example, data sets 2 and 3 came from crystals that

were soaked with the heavy atoms Pt and Hg, respectively.

However, this correction cannot eliminate any intensity

differences arising from non-isomorphism that may exist

between data sets.

Rearranging the equation r = 2�(1 ÿ �)/(2�2 ÿ 2� + 1) and

solving the quadratic equation in �, we can estimate the

lattice-defect fraction � from the ®tted parameters A and B

(and their ratio r = B/A) as follows

� � 1=2� 1=2��1ÿ r�=�1� r��1=2: �7�
The equations can be simpli®ed for the special situation in

which �z = 1/2, as in the case of data set 2 (to a very good

approximation to the 3.2 AÊ resolution limit), in which the

layer-averaged intensity constant is different if index l = odd

or l = even. We de®ne their ratio as v = hIil = odd/hIil = even,

which is independent of index l (and also the resolution) of the

data. The peak ratio (p) of the Patterson functions between

Figure 4
Intensity correction for the lattice-translocation defect. (a) The observed (®lled squares) and predicted (open squares) layer-averaged intensity
variations using the formula f = [A + B cos (2�l�z)] for data set 2. The defect fractions are 75.1:24.9% and the translocation vector is �z = 0.4735. (b) The
observed (open diamonds) and predicted (®lled squares) layer-averaged intensity variations for data set 3. The defect fractions are 83.3:16.7% and the
translocation vector is �z = 1/2. (c) Layer-averaged intensity after application of the correct factor 1/f. Data set 1 had its ®rst constructive diffraction
power addition occurring at index l approximately equal to 15 (with a small translocation vector of about �z = 0.06±0.07, as explained in the text). No
correction was applied to data set 1, because its defect fraction was negligibly small and its td value could not be accurately determined because it was too
close to the origin of the native Patterson function.



(0, 0, 1/2) and (0, 0, 0), each of which can be Fourier summed

through the two groups with either index l = odd or l = even

(including l = 0), is also independent of resolution,

p � �1ÿ v�=�1� v� � r: �8�
Therefore, the Patterson peak ratio (p = r) itself directly

becomes the coef®cient in front of the cos(2�htd) term of (3).

The lattice-defect fraction � and the Patterson peak ratio p are

related to each other in the same way as � and r in (7). The

defect fraction � and the intensity ratio v are related by

� � 1=2� 1=2v1=2: �9�
After ®tting the parameters derived from Fig. 4 into (7±9), the

two defect fractions for data set 2 are 75.1 and 24.9%; they are

83.3 and 16.7% for data set 3. Upon application of the

intensity correction to the individual data sets, the native

Patterson peaks were almost completely eliminated, as

predicted from p = r (8) and from eliminating the variation in

the layer-averaged intensity (Fig. 4). While the large intensity

modulations owing to lattice-translocation defects are

correctable using (5) and (6), small modulations owing to the

changes in spot shapes associated with the defects are partially

correctable by intensity integration using appropriate inte-

gration shapes and sizes for each image (Fig. 6). Finally, the

formulation of intensity correction described in this work

should be generally applicable with any three-dimensional td

as long as the layer averaging can be carried out for observed

intensities in planes perpendicular to that vector.

3. Application of the correction formulation to the case
of u29 DNA polymerase

We have demonstrated above the application of an intensity

correction to the individual data sets of '29 DNA polymerase

crystals. Applying the correction, we have identi®ed one Hg

and one Pb derivative in addition to an SeMet-substituted

protein derivative. An example of an experimental electron-

density map generated using phases derived from these

derivatives after intensity correction is shown in Fig. 7. The

phasing was carried out sequentially from the single isomor-

phous replacement with anomalous scattering (SIRAS),

multiple isomorphous replacement with anomalous scattering

(MIRAS) and multiwavelength anomalous dispersion (MAD)

methods, followed by density modi®cation. Using this map, the

structure was readily interpreted and the model re®ned to a

free R factor of 27.8% at 2.2 AÊ (Kamtekar et al., 2004). This

provided the ®rst structure of a protein-primed DNA poly-

merase, a project which began in our laboratory nearly

15 years ago. When the intensity correction was not applied,

the heavy-atom structures corresponding to a single lattice

could not be determined. Even when the correct coordinates

of the heavy-atom structures of one lattice were supplied, the

heavy-atom parameters could not be re®ned and the correct

experimental phases could not be obtained because of

instability in the re®nement caused by the presence of large

intensity contributions from another lattice.

A packing analysis of the lattice of '29 DNA polymerase

crystals shows that a translation of �z = 1/2 for the entire layer

of molecules is indeed stereochemically permissible. This

translation occurred randomly. If the translation occurred in

every layer, a new lattice would emerge with a new � value. If

the translation occurred in every other layer, the unit-cell edge

would double (2asin�) in the direction perpendicular to the

layers (a*) with a new orthogonal � angle; in every third layer,

the unit-cell edge would triple (3asin�) and so on. In all these

cases, only sharp Bragg re¯ections would be observed. Simi-

larly, only sharp Bragg re¯ections would be expected if a

crystal contained only two distinct coherent lattice domains.

The hallmark of the lattice-translocation defect is the random

distribution of the translated layers and the presence of the
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Figure 5
Reduced isomorphous differences between data sets. (a) Amplitude differences (as measured by R factor) between data sets 2 and 1 before (open
squares) and after (®lled squares) intensity correction. The overall reduction of the difference R factor is 3.7%. (b) Amplitude differences between data
sets 3 and 1 before (open diamonds) and after (®lled diamonds) intensity correction. The overall reduction of the difference R factor is 7.0%.



observable streaky re¯ections (for an example, see Fig. 1). The

two-lattice treatment described here does not necessarily

imply that two coherent crystals coexist in a physical sense.

Instead, it purely provides a mathematical means to treat

lattice-translocation defects (Bragg & Howells, 1954) in which

all layers with the +a displacement are grouped into one lattice

and all layers with the ÿa displacement are grouped into

another.

The lattice-translocation defect theory also provides a basis

for the poor diffraction seen for some macromolecular crys-

tals. When a translocation occurs with �z = 1/2 as in the case

of '29 DNA polymerase crystals, half of the data have reduced

intensities and thus reduced effective resolution owing to both

the streaky feature of re¯ections and the cancellation of

diffraction powers between the two lattice domains. When a

translocation occurs with �z = 1/3, as in the case of HslU±

CodW crystals, a detailed analysis of which will be described

elsewhere, two-thirds of the data have reduced intensity and

resolution. If both the translocations (�z = 1/2 and �z = 1/3)

were to occur in a single crystal, ®ve-sixths of the data would

have reduced intensity and resolution and only one-sixth of

the data would not be affected. Therefore, the combined

effects of multiple lattice-translocation defects in one crystal

could lead to a dramatic cancellation of overall diffraction

power and result in streakiness for the majority of the data.

The reason that the lattice-translocation defect has not

completely destroyed diffraction power and is correctable in

'29 DNA polymerase crystals is that there might be only one

permissible translocation of �z = 1/2. Therefore, the preven-

tion and reduction of the lattice-translocation defects might be

an effective way to improve the diffraction quality of poorly

diffracting macromolecular crystals.

4. Lattice basis for varying reflection strength and
shape

Howells and colleagues have already described the changing

shape of re¯ections as a function of phase shifts (Bragg &

Howells, 1954; Cochran & Howells, 1954). Because most of

our data sets manifest �z = 1/2, we have the simpler situation

in which phase shifts have only two values, either 2n� or

(2n + 1)�. For the X-ray diffraction lunes with index l = even

or zero (Fig. 1), the lattice-translocation defect has no

apparent effect on the strength and shape of re¯ections,

because scattering waves before and after the translocation

interface travel in-phase. Entire mosaic blocks of the crystal

behave like a `perfect' lattice and we observe typical sharp

Bragg re¯ections (Fig. 1). This is equivalent to reducing the

unit-cell dimension in the c direction by a factor of two with a

new perfect lattice. The fractional translation of half a unit cell

in the original unit cell becomes unity in the new unit cell

(Fig. 2). This new unit cell explains the sharp Bragg re¯ections
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Figure 6
Reciprocal-space lattice in the presence of the lattice-translocation defect
of Fig. 3 with �z = 1/2. When the defect occurs with low frequency
(� < 5%), the streaky features are limited to slightly elliptically shaped
lattice points. Such a limited defect can be partially corrected during
intensity integration using an elliptical spot-shape option when the crystal
is rotated along the a* axis during data collection, but it cannot when the
axis of the crystal rotation is perpendicular to a*. In the latter case,
streaky features would appear only in one orientation and many extra
Bragg re¯ections would not be predictable with a standard de®nition of
the mosaicity in a second orientation that is 90� away from the ®rst
orientation.

Figure 7
An experimental electron-density map of '29 DNA polymerase at 2.5 AÊ

using phases initially derived from Hg derivatives after their X-ray
intensities were corrected, followed by density modi®cation and twofold
non-crystallographic symmetry averaging. This map is contoured at 1.0�
and superimposed with the ®nally re®ned model.



with l = even or zero, even though the occupancy of molecules

on lattice points is not evenly distributed.

For lunes with the index l = odd (Fig. 1), however, the

lattice-translocation defect has a dramatic effect on both the

strength and shape of re¯ections. The amplitude of scattered

waves cancel out each time a defect interface is crossed owing

to a change in diffraction phase of � and (2n + 1)�. When two

fractions (the translocated and untranslocated blocks) of the

defected lattice are equal (� = 1 ÿ � = 50%), two cases are

possible. If such translocation occurs periodically in every

other layer, the defective lattice re-merges as a new perfect

lattice with the unit-cell length doubled (2asin�) in the a*

direction without any smeary features for these re¯ections

(precisely zero intensity). However, if the translocation occurs

randomly (as observed in some of the '29 DNA polymerase

crystals), the size of the unit cell is only statistically doubled

and half of the re¯ections (all l = odd re¯ections in the original

lattice) remain extremely smeary, cannot be integrated and

would statistically have zero intensity.

An alternative view of the defects for l = odd lunes is that

they effectively reduce the size of the crystal mosaic blocks.

The smaller the block size, the broader the re¯ections. Under

an extreme condition with only a single layer of the lattice (i.e.

a two-dimensional crystal), a continuous streaky diffraction

perpendicular to this plane will be observed. Therefore, a

relative loss of intensity in these re¯ections arises from a

redistribution of scattering powers away from expected Bragg

lattice points.

The streaky patterns are slightly more complicated when

�z is not precisely equal to 1/2; for example, in data set 2

(Fig. 3) where �z = 0.4735. For re¯ections with l = odd and l < 6

(or with l = even and l > 12), scattering amplitudes were

partially cancelled out and the shape of re¯ections was

substantially broadened. In contrast, re¯ections with l = odd

and l > 12 (or with l = even and l < 6) are not affected by these

translocation defects. Other re¯ections with index 6 < l < 12

had variable widths of re¯ection spot size and varying degrees

of diffuseness.

5. Concluding remarks

Lattice-translocation defects have been observed in this

laboratory in at least four separate systems, including RuvC,

T7 RNA polymerase, HslU±CodW (a complex homologous to

HslU±HslV) and '29 DNA polymerase. We believe that this

crystal defect has been an underreported crystallographic

problem during the past half-century because no solution to

the problem was available. The approach we have described

here provides a general method for computationally

correcting lattice-translocation defects and makes structure

determination with crystals containing these defects more

tractable.
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