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Central Section Through a 3D Transform
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The Sequence of Steps- Small Images/Low Resolution

Microscopy

Image processing

Determine CTF & tilt

Merge

Scale amplitudes

Determine lattice lines

Quality control

Map

Cyclical refinement of 
origins, CTF, tilt
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Estimate of Tilt Axis and Angle

• Determine defocus in 4 corners of film- good choice for 
small tilt angles- ‘CTFTILT’

• Compare distortion of lattice with that of untilted 
specimen- works best for higher tilt angles- ‘EMTILT’

Tilted a*

Tilted b*
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Tilt Axis Conventions in MRC

a*

b*

Tilt axis

TLTAXA

ABANG = γ*

Check the absolute hand!

More underfocus = lower
in microscope

Less underfocus = higher
in microscope

Z* +ve

Z* -ve
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Merging and Phase Origin Refinement

• Merge CTF-corrected data in ORIGTILT
• Start with nominally untilted image set to correct phase origin
• Add images of increasing tilt and compare phases within     
Δz*≈ (1/3 x 1/thickness)

z*

a*b*

Δz*
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Merging and Phase Origin Refinement
• By looking for best agreement this generally puts z origin at centre 

of mass by minimizing phase gradients
• Check for a clear minimum in refinement
• Do phase errors make sense? Are they significantly less than 90°?
• Follow by cycles of origin, tilt and CTF refinement

7 7 7
7 8 8 8 7
7 8 9 8 7
7 8 8 8 7

7 7 7

2 3 4 4 4 4
2 4 5 5 5 4
3 4 5 5 5 3 3 3
3 4 5 5 4 2 4 4
3 4 4 4 3 4 5 5

2 4 5 5 5 4 4 5 5
3 4 5 5 4 4 4 5 5
3 4 4 4 3 2 3 4 4
4 4 3 3 2
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Amplitude Scaling

• Correct for CTF- important if no electron diffraction 
data.

• Determine temperature factors to minimize                     
Σ(Fref-kFobse0.25Bxy(X2+ Y2)+0.25BzZ2).

• Best to limit B-factors to 0<B<1000 Å2.
• MRC program- SCALIMAMP3D
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Determination of Lattice Lines
• Can interpolate by hand
• Often best with limited and 

noisy data
• Automated procedures fit 

sinc functions at intervals of 
e.g. 1/thickness- be very 
careful!

• Are there any extreme 
outliers (particularly in phase)

• Image amplitudes generally 
have a lot of scatter.
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Hand Drawing Lattice Lines
• Try to take into 

consideration the relationship 
between amplitude and phase 
in the complex plane

• e.g. Phases can change more 
rapidly along z* when 
amplitudes are small

• e.g. If phase changes by 180° 
amplitude must pass through 
zero
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Automated determination of lattice lines
• 2D crystal = 3D crystal X 

square pulse.
• Fourier transform of 2D 

crystal = convolution of 
Fourier transform of 3D 
crystal with sinc function.

• MRC program LATLINE

sinc(x) = sin(πx)/πx

D
1/D
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Automatic Lattice Line Fitting

• Least squares fitting of curves to data.
• Constraint given by profile function e.g.

• 1/σ2 weighting of amplitude and phase data σ = rms local 

background or estimated phase error
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Automatic Lattice Line Fitting

• You must check the results very carefully 

on graphical plots

• Poorly determined parts at higher z* may 

best be deleted- these commonly have large 

error bars and/or unrealistically high 

amplitudes compared to those at lower z*
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Calculating the Structure
• Sample lattice lines at a fine enough 

(≡ 1/c) interval to accurately follow 
variations in transform- must be 
finer than 1/thickness.

• Sampling will give list of 
h,k,l,F,φ,σF,σφ.

• Calculated density map using 
standard crystallographic Fourier 
program with correct 3D symmetry 
and unit cell a,b,c,90º,90º,γ.

• Least error map uses Fourier 
coefficients mFeiφ where m = 

figure-of-merit = cos(phase error).
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The Missing Cone Problem
• Usually not serious if high tilts available- 60° tilts cover 

87% of reciprocal space.
• Missing data along (0,0,l) means that each section has 

mean density=0 ⇒ incorrect density profile.

X*

Z* Missing cone

Amplitudes and phases along 0,0,l
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Estimating (0,0,l)
• X-ray powder diffraction
• Thin sections cut perpendicular to crystal
• Side views from folds in crystal
• Contrast profile

Contrast (max.–min. density)

Distance from centre of structure
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High Resolution and Large Crystals

Δf = 5000 Å for 1 μm crystal 30°
 A509ca, Fri Jul 16 16:13:03 BST 2010                       

Border =    3.2 Ang.                                        

Res from    3.5 Ang. to  200.0 Ang.                         

Dens.Step =    7.0 Micrometer                               

Magn. of negative =   70011.                                

Underfocus =    2500. Ang.,    2500. Ang., Angle=-13.4      

Phase Contrast =  0.998, Amplitude Contrast =  0.071        
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 A509ca, Fri Jul 16 16:14:41 BST 2010                       

Border =    3.2 Ang.                                        

Res from    3.5 Ang. to  200.0 Ang.                         

Dens.Step =    7.0 Micrometer                               

Magn. of negative =   70011.                                

Underfocus =    7500. Ang.,    7500. Ang., Angle=-13.4      

Phase Contrast =  0.998, Amplitude Contrast =  0.071        
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High Resolution and Large Crystals

Contrast for each 
Fourier component 
varies with height of 
crystal- described by 
TILT TRANSFER 
FUNCTION or TTF

Specimen height

TTF

Δf = 5000 Å for 1 μm crystal 30°

consider one 
Fourier component
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High Resolution and Large Crystals

TTF

Δf = 5000 Å for 1 μm crystal 30°

consider one 
Fourier component- 
each spot becomes 
split

×

⊗ =
Wednesday, 4 August 2010



High Resolution and Large Crystals

TTF
split spot

correction 
applied

single spot 
restored to 
correct spatial 
frequency 
with small 
satellite spots
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High Resolution and Large Crystals
Contrast for each Fourier component varies with height of crystal- described by 
TILT TRANSFER FUNCTION

Specimen height

X

Tilt axis

p

α=tilt angle

904 R. Henderson et  al. 

where: 
is the wavelength of electrons (0"037 ,h- at 
100 kV), 

AF is the defocus, normally in the range 0 to 
10,000 A, 

c s is the spherical abberation coefficient (typically 
2 ram) and 

0 is the diffraction angle of the scattered electron 
beam in radians (typically 10 -2 at  3 A resolu- 
tion). 

In  an image from a tilted crystal, AF varies with 
position according to the equation: 

AF - p t a n s +  AFo, (2) 

where: 

AFo is the defocus at  the origin of co-ordinates, taken 
as the centre of the image, 

a is the angle of  tilt measured from the plane per- 
pendicular to the beam, and 

p is the perpendicular distance from the tilt axis to 
the point of interest. 

p is given by: 

p -- ~ sin (•-fl), 

where: 

x, y are the co-ordinates of the point relative to the 
origin, 

Z is the angle between the line to the point and 
the x-axis of the digitised image (tan X = y/x), 
and 

fl is the angle between the tilt axis and the x-axis. 

Substitution for AF from eqn (2) in eqn (1) gives: 

TTF(O, p) = - 2 sin (cp + yo), (3) 

where c and ?o are constants for given 0, defocus and tilt: 

C = 2~ (022 tans) ;  2 . [  0 2 

Thus, the image formed by a single Fourier component 
has a series of equally spaced, sinusoidMly varying bands 
of contrast parallel to the direction of the tilt axis. Such 
an image with this varying contrast can be treated so that  
all areas are restored to having positive contrast. This 
could be done, in principle, by multiplication of the 
image, pixel by pixel, by the T T F  which, as a function of 
p, can be calculated for each position x,y on the image. 
This gives a new image (Fig. 2(e)), which has a contrast of 
(TTF) 2. The modified image has positive contrast every- 
where. Also, parts that  had zero contrast in the raw image 
and therefore contain only noise are multiplied by zero 
and the noise contribution removed. I t  can be shown that, 
for maximum signal to noise ratio, multiplication in the 
computer by T T F  gives precisely the correct weight to 
the parts of the image with different contrast. 

The effect of T T F  and (TTF) 2 on 1 Fourier component 
is shown in reciprocal space in Fig. 2. In  Fig. 2(b), the 
actual Fourier component of the structure is split into 2 
equal components, separated by a distance proportional 
to the number of sinusoidal variations in contrast that  
have occurred across the image for that  Fourier com- 
ponent. This is because, in Fourier space, the component 
is convoluted with the Fourier transform of the T T F  
given by eqn (3). In Fig. 2(c), the actual peak is restored 
and 2 wings at  half-height are created, separated from the 
correct position by the same distance as the amount of 
splitting in the raw image transform. Here, the split peak 

has been further convoluted with the Fourier transform of 
the TTF. 

The above analysis assumes that  the 2 Friedel-related 
diffracted beams, which combine with the direct beam to 
form the image, come from the same Fourier component 
of the structure and are diffracted at equal angles + 0 and 
- 0 .  This assumption is valid in the current analysis. The 
procedure used would have to be modified if lower voltage 
electrons were being used or higher resolution being 
studied, when a pair of spots such as those in Fig. 2(b) 
would not be at equal distances from the ideal lattice 
position. An additional problem would arise if the speci- 
men were thicker, when the two diffracted beams would 
also differ in their amplitude and phase. Although it has 
not been necessary here, the procedure could be modified 
to handle both of  these eventualities. 

The convolution theorem of Fourier transform theory 
offers an efficient procedure for the implementation of this 
T T F  processing. The Fourier transform of the image is 
convoluted with the Fourier transform of TTF,  thus 
effectively performing the real space multiplication 
required to go from Fig. 2(b) to Fig. 2(c). Since the T T F  is 
a slowly varying function, it can be described adequately 
by a smaller matrix (e.g. 150x 150 is adequate for a 
6000 A square area of a 60 ° tilted image at 3 A resolution) 
than that  required to sample the image in 1 A steps (this 
requires 6000 x 6000 pixeis). The convolution is therefore 
a local operation, using a much smaller part  of the image 
transform than the entire area that  would have to be 
treated if the processing were carried out by multiplication 
in real space. In earlier work (Henderson & Unwin, 1975), 
the inefficient real space multiplication was performed 
directly with an inelegant and less general trick to speed 
up the computation. The new procedure has been imple- 
mented in the form of 3 computer programs, TTBOX, 
T T R E F I N E  and TTMASK, which are described below. 

TTBOX is the simplest of the 3 new programs. I t  
corrects the transform with the T T F  and determines the 
amplitude and phase of each spot by examining a box 
around each lattice point. I t  performs the convolution 
correction from an input consisting of the Fourier trans- 
form of the image, and a list of values for the parameters 
involved in the T T F  {eqn (3)). The magnification of the 
image is also needed in order to relate distance in the 
transform to true spatial frequency. Of these parameters, 
the spherical aberration (cs) and the wavelength (),), deter- 
mined by the electron voltage (kV), are fixed and known 
for the microscope used; the magnification, M, the tilt 
angle (a) and the azimuth of the tilt axis (fl) are known 
approximately when the image is taken and can be deter- 
mined accurately from the foreshortening of the lattice 
para~meters found in the image transform (Shaw & Hills, 

1981); the defocus (AFo) , which in general is different for 
spots in different parts of the transform due to astigma- 
tism, is a function of 3 parameters, AFt, AF 2 and ~b, whose 
values have to be determined during the analysis: 

AFo = AF 1 cos 2 ( ~ b - ¢ ) + A F  2 sin 2 (~h-¢}, (4) 

where AF t and AF 2 describe the amount of defocus in the 
centre of the image in 2 orthogonal directions. ¢ is the 
angle specifying the direction of AF t relative to the x-axis 
of the digitized image. Eqn (4) gives the value of AF o that  
applies to a Fourier component whose direction in the 
transform is at an angle ~ to the x-axis of the digitized 
image (Zemlin et al., 1978). 

The output  of TTBOX consists of a list of amplitudes 
and phases for the Fourier components of the crystal, 
fully corrected for tilt, defocus and astigmatism, and 
ready to be merged with data from other images. There 
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Correction of CTF for Tilt

• Multiply image by TTF

• In practice perform convolution in Fourier space

• Unbending is still essential and interdependent with TTF correction-
cycles of TTF refinement and unbending require care!

• TTBOX- reads amp and phase like MMBOX but applies TTF-correction

• The output of TTBOX consists of a list of amplitudes 
and phases for the Fourier components of the crystal, 
fully corrected for tilt, defocus and astigmatism, and 
ready to be merged with data from other images.

TTF

TTF2
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906 R. Henderson et  al. 

I Raw dansltometered ........ 
I Image 6000x6000 plxels I 

Fourier transform 
of raw Image 

Rrst pass J 
f -  

Masked Fourier 
transform of Image 

I Fikered,mag- 1 

I 

I Reference area 
300x300 pixels 

I Fourier transform 
of reference area 

I Fourier transform of l 
cross-correlation map I 

]Cross-correlalJon mapl 

'elation peak heightsl 
List of distortion vectors I 

! 

:'~::;>:'~:::~:~:::~l:::::: ======================= 

I Onben,,mag. I 

I r:esses _ _  

Masked Fourier 
transform of'l-I'F. 
corrected image 

. S  

Fourier transform of 
current unbent Image 

Masked Fourier transform 
of "l-rF-corrected 

current unbent image 

Filtered current I 
unbent image 

, . . . . . .  

Reference area 
200x200 plxels 

Fourier ~'ansform 
of reference area 

Used as Input in next pass Fourier transform of ~ . . . , ~ ~ . . . . _ ~  , 

unbent image improved defocus 1 

- I  parameters for I . . . . . . . .  ~ ............ 
~ T T M A S K  and TTBOX I 

List of 
amplitudes and phases i 

Figure 3. A flow diagram showing the computing steps in the processing of images from tilted specimens. Data sets are 

enclosed in boxes; programs are in bold type. Light shading behind the program name indicates that the program was 
developed earlier for the processing of images from untilted specimens; black shading indicates a new program developed 
for the work with tilted specimens. Broken lines indicate the transfer of refined parameters; full lines indicate data flow. 

AF 1, AF 2 and ¢ could then be determined using TTRE- 
FINE, and these values used as input to TT~J~SK in the 
2nd pass of unbending, as shown on the right-hand side of 
Fig. 3. The 2nd pass was carried out using the masked 
TTF-corrected transform of the raw image together with 

the TTF-correeted Fourier transform of a reference area 
taken from the unbent image of the 1st pass. By using a 

tight mask for the Fourier transform of the unbent image, 

a very highly averaged reference area is obtained, whilst a 
generous mask for the Fourier transform of the raw image 
enables all the distortion information to be included in the 
analysis. In subsequent passes the procedure cycles as 
indicated on the right-hand side of the diagram, as the 
unbending and the accuracy of the defocus parameters 
improve together. Because the contrast varies so much 
across the image from a tilted specimen (see Fig. 4(d)), it 

TTBOX 
essentially takes 
the place of 
MMBOX
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I Raw dansltometered ........ 
I Image 6000x6000 plxels I 

Fourier transform 
of raw Image 
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Figure 3. A flow diagram showing the computing steps in the processing of images from tilted specimens. Data sets are 

enclosed in boxes; programs are in bold type. Light shading behind the program name indicates that the program was 
developed earlier for the processing of images from untilted specimens; black shading indicates a new program developed 
for the work with tilted specimens. Broken lines indicate the transfer of refined parameters; full lines indicate data flow. 

AF 1, AF 2 and ¢ could then be determined using TTRE- 
FINE, and these values used as input to TT~J~SK in the 
2nd pass of unbending, as shown on the right-hand side of 
Fig. 3. The 2nd pass was carried out using the masked 
TTF-corrected transform of the raw image together with 

the TTF-correeted Fourier transform of a reference area 
taken from the unbent image of the 1st pass. By using a 

tight mask for the Fourier transform of the unbent image, 

a very highly averaged reference area is obtained, whilst a 
generous mask for the Fourier transform of the raw image 
enables all the distortion information to be included in the 
analysis. In subsequent passes the procedure cycles as 
indicated on the right-hand side of the diagram, as the 
unbending and the accuracy of the defocus parameters 
improve together. Because the contrast varies so much 
across the image from a tilted specimen (see Fig. 4(d)), it 

TTREFINE- refine 
defocus, astigmatism, 
(tilt-geometry)- use 
with care!

TTMASK- analagous 
to MASKTRAN but 
corrects for defocus 
and tilt
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Model for Bacteriorhodopsin Structure 909 

fo} (b) 

(c) (d) 

Figure 4. The correlation peaks found in a search of the correlation map of image 20945 showing the positions and 
heights of the correlation peaks at each of the 20,000 unit cells of the crystal present in this image. The image is from a 
44 ° tilted specimen. In the' 1st pass ((a) distortion vectors ( x 10) and (b) peak heights), a large reference area from the 
centre of the filtered image is used to calculate the correlation map. The reference area can be seen in (b) as the area of 
highest correlation. In the final pass, ((c) distortion vectors ( x 10) and (d) peak heights), a smaller reference area is used, 
which is derived from the average of the entire area of the image after corrections for distortions and defocus as defined 
in the penultimate pass. In this case, maximum correlation peak height is found at the top of the image where the 
undeffocus is greatest, and almost zero contrast is found at the bottom of the image where the image is almost exactly in 
focus. Because of the smaller reference area, finer distortions can be seen in (c) than in (a). 

(Table 1) greater  than 0-2 at  the highest resolution, 

30~/o showed diffraction peaks detectably above 

those expected from an image consisting of  pure 

noise, and the remainder,  in effect, contr ibuted dif- 

fraction information only out  to 5"5 A resolution. 

Phase da ta  from all images were then merged 
together  using the program O R I G T I L T  to deter- 

mine the phase origin and beam tilt  parameters.  In  

earlier stages of processing, only the amplitudes of 

the diffraction spots were used as diagnostics to 

check tha t  the correct ti l t  axis and til t  angle were 

being used and tha t  the* determinat ion of  defocus 

was optimal: At  the stage of  running the program 

O R I G T I L T  (Table2),  agreement between the 

phases of  each new image and the phases from other  

images gave a final check tha t  everything had been 

done correctly during the processing. The phase 

agreement is shown for the best 45 ° image in 

Table 2. The fact  t ha t  all the residuals, even at  the  

highest resolution, are significantly lower than  

expected for random phases (90 ° ) means t h a t . t h e  

phases from the image itself are good, and tha t  the 
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High Resolution and Large Crystals910 R. Henderson et al. 
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Figure 5, Areas surrounding the diffraction spots in the Fourier transform of the distortion and defocus corrected 
image 51056, divided into resolution bands and analysed separately for spots parallel and perpendicular to the tilt axis. 
The image is from a 41 ° tilted specimen. The tilt axis is inclined at approximately 65 ° to the horizontal X-axis. The plot 
is centred on the spots and calculated by averaging the diffraction intensity of all 38 spots in each plot at 7 A, all 27 spots 
at 5-5 A, and all 96 spots in each 3"5 A plot. The peak in the centre of panel 1 (top left) is 2065. Thus, in this image, the 
average diffraction spot in the highest resolution zone perpendicular to the tilt axis is above background by 
1"5 x background. At 7 A, spots are from 150 x to 300 x background. The wings expected from the contrast stripes in the 
image can be seen best near the edge of the box in the 5-5 A plot for the stronger spots from the direction parallel to the 
tilt axis. Below 7 A resolution, the wings show up as shoulders to the main peak, and at 3-5 A the wings are off the edge of 
the plots. 

combined data  from the other images with  which 

they  are being compared are good. Thus,  Table 2 is 

a final indication that  high-resolution phases in 

three dimensions have  been obtained successfully.  

Fol lowing the merging of  phase data  into a set o f  

origin-corrected and beam tilt-corrected measure- 

ments,  smooth  curves were fitted along lattice lines 

to the combined electron diffraction ampl i tude and 

image phase data using the program L A T L I N E  

(Agard, 1983). Some typical  plots  of  ampl i tude and 

phases after L A T L I N E  are shown in Figure 7. Error 

est imates  on the  fitted curves are also obtained.  At  
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Beam tilt misalignment

28

• Analagous to axial coma in optics
• Causes a small change in defocus and 

astigmatism and a resolution-dependent 
shift of the position of the image 
components. 

• Defocus and astigmatism taken care of in 
the CTF correction. 

• The image shift can be separated into a 
component which is proportional to the beam 
tilt and (resolution)3 together with a simple 
shift of the whole image. 

• Correction for beam tilts of magnitude from 
1 to 3 milliradians often necessary. 

• Spot at 3.5 Å resolution typically has 
between 200 ° and 400 ° phase shift in the 
beam tilt direction. 

162 R. Henderson et al. / Structure of purple rnembrane frorn Halobacterium halobium 

precisely at right angles to the optical axis of the 

objective lens. The complete effect of beam tilt on 

the image is first to cause a small change in the 

defocus and astigmatism, and second to cause a 

resolution-dependent shift of the position of the 

image components. The change of defocus and 

astigmatism simply adds to that existing in the 

absence of beam tilt, and is already taken care of 

in the CTF correction. The image shift can be 

separated into a component  described by eq. (4), 

below which is proportional to the beam tilt, k 0, 

and (resolution) 3 = k 3  together with a simple shift 

of the whole image. Since the phase origin of the 

crystal is already a variable in the above proce- 

dure, this simple shift of the image is never ob- 

served. Correction for beam tilts of magnitude 

from 1 to 3 milliradians were necessary, and were 

determined by the simple formula given by Smith 

et al. [21]. The correction to phase is 

2~" 
= _ Tc o2(O.Oo) 

= - 2 ~ k 2 ( k ' k o ) ,  (4) 

in the terminology of Smith et al. [21]. 

For the (15,0) reflection at 3.6 A resolution the 

correction was usually between 200 ° and 400 ° in 

the beam tilt direction. 

Since the beam tilt misalignment affects only 

the phases but not the amplitudes of the diffrac- 

tion spots the determination of the value of the 

beam tilt is done entirely from the phases. Two 

methods were used. Either the phases of spots 

related within one image by the crystallographic 

threefold symmetry were compared with one 

another, or the phases from the new image were 

compared with phases from images already 

corrected for beam tilt. Clearly, for the first few 

images treated, only the first method was possible. 

In both cases the refinement of phase origin 

(OX, OY) and beam tilt (TX, TY)  was done jointly 

by minimisation of the phase difference. Because 

the effect of beam tilt is proportional to (resolu- 

tion) 3, the origin parameters (OX, OY) are essen- 

tially determined from the low resolution spots 

and the beam tilt parameters (TX, TY)  from the 

high resolution spots. 

After the beam tilt of two or three images had 

been determined using the internal threefold corn- 

parison a reference set of phases was then con- 

structed and the phases of subsequent images were 

compared with this reference set which was natu- 

rally both more complete and more accurate. Once 

there were sufficient observations, the beam tilt 

determined by the two methods agreed well. Also 

if a sequence of images was recorded on the same 

microscope without any changes in operating con- 

ditions, the beam tilt of all the images was found 

to be similar in magnitude and direction. Thus, 

once a body of information had been developed, 

the treatment of further images became easier. A 

graphical illustration of the effect of the beam tilt 

is shown in fig. 6 where the apparent origin posi- 

tion is plotted from a three-fold symmetry com- 

parison in resolution shells. The expected depen- 

dence of origin position on (resolution) 2 is clear. 

Although the above sequence of refinement of 

CTF, crystal tilt, then beam tilt worked well for 

about half the images without further manipula- 

tion, in some cases, further refinement of these 

parameters was required once a body of phase 

information from other images had been ac- 

cumulated. This was caused by the fact that the 

effects of defocus contrast, beam tilt and crystal 

tilt were not independent in their effects on the 

overall phase residual between the phases of one 

image and the average of all others. For example, 

a small error (say 50 A) in the defocus would 

cause a few spots on the wrong side of a CTF zero 

to be given a 180 ° error in phase. Refinement of 

the beam tilt would naturally try to compensate 

for this by introduction of an erroneous value for 

beam tilt. Similarly, an incorrect value of crystal 

tilt would allow the comparison of phases for 

which the value of z* was not sufficiently close. 

Therefore, a final refinement of the CTF (de- 

focus and astigmatism), crystal tilt and beam tilt 

by minimisation of the phase residual was also 

carried out. This often changed the best value of 

the defocus by about 50 A and gave an accompa- 

nying significant change in beam tilt and reduc- 

tion in the overall phase residual. Since this refine- 

ment involved a comparison of the phases from 

each image with those from all others, it was useful 

to carry out one or two cycles of this type of 

refinement. Although rather tedious, the improve- 

ments obtained were significant. A summary of 

beam tilt
resolution3

{
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Correcting for beam tilt misalignment

29

• Determination of the beam tilt is done entirely from the phases. 

• Two methods:

• phases of spots related within one image by the crystallographic symmetry compared 
with one another, or 

• the phases from a new image compared with phases from images already corrected for 
beam tilt.

• ORIGTILT- refinement of phase origin (OX, OY) and beam tilt (TX, TY) done jointly by 
minimisation of the phase difference. 

• Effect of beam tilt is proportional to resolution3, therefore determine (OX, OY) from 
the low resolution spots and (TX, TY) from high resolution spots.

•CHECK- beam tilt magnitude and direction should be similar within one imaging 
session when conditions have not changed

•DO THE VALUES MAKE SENSE?
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Correcting for beam tilt misalignment

30

• Determination of beam tilt for tilted specimens requires an iterative procedure e.g. 
start with merged list of 0° (corrected) with 20° tilts (uncorrected). 

• This merged list used as the reference for preliminary refinement of beam tilt by 
comparing data from each image against data from all the others. 

• Subsequent merges should result in beam tilt and phase origin converging to, 
unambiguous values with convincing phase residuals. 

• Then add e.g. 45° tilts with preliminary beam tilts derived by comparison with the 20° 
merged data, followed again by iterative refinement.

Film number Beam tilt/milliradians
509 1.9
510 2.3
511 2.0
522 2.4
526 2
527 3.2
549 3.9
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Final thoughts and 
observations
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Map Interpretation
• The missing cone and generally poorer measurements at 

high z* cause blurring along the c-axis.
• For 60º tilts resolution is ~1.5 times worse in C-direction.
• At 20 Å a 25-50 kDa protein will appear as a single blob.
• Number of blobs ∝ 1/res.

• 10-7 Å resolution will reveal α-helices.
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Map Interpretation

• Beware of data in the 4-5 Å range- these are 
notoriously difficult to interpret. You will 
probably get it wrong!

• Even well determined X-ray maps at 2.5 Å 
resolution have been traced backwards!

• Try to use all the biochemical and genetic 
knowledge available to you.
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Things to Be Aware Of

• Make as many amplitude and phase 
measurements as you can- this will substantially 
reduce noise in your map

• Do not overestimate your resolution- a single 
spot at 4 Å does not imply 4 Å resolution
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Things to Be Aware Of

• Programs may have bugs.
• Check your log files for error messages
• Make sure all crystals have same thickness
• Crystals more than 1 unit cell thick are very 

difficult to process
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Things to Be Aware Of

• Do not use programs blindly- check that you are 
getting sensible and consistent results when 
comparing independent images

• Be patient and thorough
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