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�—�•�‡���ƒ�•�����æ�”�ƒ�›���ˆ�”�‡�‡���‡�Ž�‡�…�–�”�‘�•���Ž�ƒ�•�‡�”���–�‘���’�”�‘�˜�‹�†�‡���‡�š�–�”�‡�•�‡�Ž�›���„�”�‹�‰�Š�–���‹�Ž�Ž�—�•�‹�•�ƒ�–�‹�‘�•���‘�ˆ���•�—�„�æ�•�‹�…�”�‘�•���‹�•�–�”�ƒ�…�‡�Ž�Ž�—�Ž�ƒ�”��
�…�‘�•�†�‡�•�•�ƒ�–�‡�•���‘�ˆ���„�ƒ�…�–�‡�”�‹�‘�’�Š�ƒ�‰�‡���’�Š�‹���w�}�z���‹�•�•�‹�†�‡���Ž�‹�˜�‹�•�‰��Escherichia coli���ƒ�–���”�‘�‘�•���–�‡�•�’�‡�”�ƒ�–�—�”�‡�ä�����‡���Š�ƒ�˜�‡��
�„�‡�‡�•���ƒ�„�Ž�‡���–�‘���…�‘�Ž�Ž�‡�…�–���Ž�‘�™���”�‡�•�‘�Ž�—�–�‹�‘�•���†�‹�¡�”�ƒ�…�–�‹�‘�•���†�ƒ�–�ƒ�ä�����‡�•�’�‹�–�‡���–�Š�‡���Ž�‹�•�‹�–�‡�†���”�‡�•�‘�Ž�—�–�‹�‘�•���ƒ�•�†���…�‘�•�’�Ž�‡�–�‡�•�‡�•�•���‘�ˆ��
�–�Š�‡�•�‡���‹�•�‹�–�‹�ƒ�Ž���†�ƒ�–�ƒ�á���†�—�‡���–�‘���ƒ���ˆ�ƒ�”���ˆ�”�‘�•���‘�’�–�‹�•�ƒ�Ž���‡�š�’�‡�”�‹�•�‡�•�–�ƒ�Ž���•�‡�–�—�’�á���™�‡���Š�ƒ�˜�‡���—�•�‡�†���•�‘�˜�‡�Ž���•�‡�–�Š�‘�†�‘�Ž�‘�‰�›���–�‘��
�†�‡�–�‡�”�•�‹�•�‡���ƒ���’�—�–�ƒ�–�‹�˜�‡���•�’�ƒ�…�‡���‰�”�‘�—�’�á���—�•�‹�–���…�‡�Ž�Ž���†�‹�•�‡�•�•�‹�‘�•�•�á���’�ƒ�”�–�‹�…�Ž�‡���’�ƒ�…�•�‹�•�‰���ƒ�•�†���Ž�‹�•�‡�Ž�›���•�ƒ�–�—�”�ƒ�–�‹�‘�•���•�–�ƒ�–�‡���‘�ˆ��
the particles.

Whilst viral complexity and size o�en limits the growth of crystals suitable for classical crystallographic char-
acterisation1, recent advances in electron cryo-microscopy (cryo-EM) have opened another route to high res-
olution structure determination2–4. Alternatively, X-ray free electron lasers (XFELs) o�er less stringent crystal 
size requirements; using femtosecond-duration pulses that are over a billion times brighter than synchrotron 
radiation5. �is has recently allowed the determination of a high-resolution structure from virus microcrystals6.

Although crystals are conventionally grown in vitro, the production of protein crystals in vivo may be achieved 
via numerous biological processes7. �e relatively small size of in vivo crystals means that useful di�raction data 
can be collected only at microfocus synchrotron beamlines or XFELs8–10. Collecting di�raction data in cellulo 
minimises potential mechanical damage of fragile crystals and so has the potential for improving the quality 
of di�raction, however the signal-to-noise of the di�raction data will be adversely a�ected by the presence of 
extraneous cellular material11,12. �us, for large unit cells and small crystals the intensities of the Bragg peaks will 
be dramatically reduced (for instance, similar sized crystals of small picornaviruses will have average intensities 
hundreds of times less than for lysozyme), whereas the background noise increases in proportion to the amount 
of extraneous material illuminated. �erefore, very careful experimental design will be needed to obtain useful 
measured di�raction intensities.

Most bacteriophages terminate an infection cycle by host cell lysis, which limits the accumulation of virus 
particles within the cell. However, there are some mutant cell lines available which are resistant to lysis by certain 
bacteriophages. For instance, mutation of the host gene slyD (sensitivity to lysis), which encodes peptidyl-prolyl 
cis-trans isomerase, can block lysis by phiX174, precluding viral escape13,14. We have therefore chosen to 
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investigate the structure of phiX174 within infected E. coli slyD cells as a proof of principle for what could be 
developed into a more general vehicle.

PhiX174�s lifecycle encompasses three distinct states (Fig.�1), all of which are icosahedral and have been stud-
ied, in vitro, by crystallography15–19 and electron microscopy20,21. �e �rst stage is assemblage into a procapsid 
(108 S) form, which, upon loss of the B sca�olding protein, and gain of a J protein, concomitant with packaging 
of the ssDNA genome, forms the 132 S intermediate provirion, which is of a similar size16,17,22–24. Maturation to 
the virion (114 S) occurs with loss of the D sca�olding protein, and a signi�cant collapse of the structure22,24. We 
report analysis of cells infected with both wild-type (wt) virus and AmbJ�  mutant virus. �e latter are unable to 
package DNA, since they do not possess the packaging protein, J. Using electron microscopy (EM) and X-ray 
di�raction, we demonstrate that small crystalline arrays form within cells. �e experimental setup-up available, 
whilst unable to fully explore the potential of the method, nonetheless provided useful information, demonstrat-
ing the arrest of PhiX174 maturation at the procapsid state.

Results
�’�Š�‹���w�}�z���ˆ�‘�”�•�•���…�”�›�•�–�ƒ�Ž�Ž�‹�•�‡���…�‘�•�†�‡�•�•�ƒ�–�‡�•���‹�•���•�‘�•�–���…�‡�Ž�Ž�•���z�ä�{���Š���’�‘�•�–���‹�•�ˆ�‡�…�–�‹�‘�•�ä���in-section EM of 
Escherichia coli C990 slyD infected with both wt and AmbJ�  phiX174 revealed the presence intracellular viral 
condensates in lysis-defective conditions14 (see Methods), the result of particle accumulation (Fig.�2a). For exam-
ple, by 1.5 h post infection, aggregates of wt virus particles were seen in some 50% of the cells. By 4.5 h post 
infection, these had developed so that approximately 75% of cells contained condensates of empty particles, of 
which roughly one third appeared to be crystalline. We therefore selected 4.5 h post infection as the time point 
for further analysis.

���Ž�‡�…�–�”�‘�•�����”�›�‘�æ���‹�…�”�‘�•�…�‘�’�›���‹�•�†�‹�…�ƒ�–�‡�•���–�Š�‡���…�”�›�•�–�ƒ�Ž���Ž�ƒ�–�–�‹�…�‡���‹�•���”�‡�ƒ�•�‘�•�ƒ�„�Ž�›���™�‡�Ž�Ž�æ�‘�”�†�‡�”�‡�†�ä���e crystal-
linity of the crystal-like arrays seen at 4.5 h post infection (for both wt and AmbJ�  virus) was then visualised using 
whole-cell three-dimensional tomographic reconstructions and sub-tomogram averaging. �e condensates, circa 
200 �  200 �  200 nm3 in volume, nearly �lled the cell interior. Power spectra calculated from 2D projection images 
of cells con�rmed that the condensates possessed crystalline order up to a resolution of ~52 Å (Fig.�2b,c). It 
appears that a major spacing of the lattice is around 340 Å. Sub-tomogram averaging suggested that the capsids 
were ordered on a lattice and were empty (Fig.�2d).

���	�������ƒ�•�ƒ�Ž�›�•�‹�•���‘�ˆ���‹�•�ˆ�‡�…�–�‡�†���…�‡�Ž�Ž�•�ä��Cells were grown and infected adjacent to the Linac Coherent Light 
Source (LCLS), at Stanford University. A slurry of 4.5 h post infection cells was pumped through a gas dynamic 
virtual nozzle (GDVN)25 at room temperature into the X-ray beam at the LCLS CXI beamline5,26. Di�raction pat-
terns were collected on a CSPAD detector27 ~2.5 m from the interaction region of the beam with the jet to record 
low angle di�raction from condensates.

�e majority of data were collected on wt phiX174 at a wavelength of 1.768 Å, while approximately 30% of the 
dataset was taken from the ambJ�  mutant. Data for this latter sample were collected at both 1.768 and 1.306 Å 
wavelengths. At these wavelengths, the maximal resolutions at the detector edge were approximately 46 and 34 Å, 
respectively.

At the time the experiment was performed the beam and jet were larger than would have been ideal for this 
experiment. Ideally one would match the beam and the jet to the crystal size, whereas in practice these had diam-
eters of ~2 and 4 � m, respectively. Nevertheless, Bragg di�raction was observed, but limited to ~50 Å spacings 
(Fig.�3a).

���•�‹�–�‹�ƒ�Ž�����	���������ƒ�”�ƒ�•�‡�–�‡�”�•�ä�� Based on calibrations from thermolysin data collected shortly before phiX17428, 
the detector distance was estimated to be 2.49 m. Note that this is dependent on accurate estimates of the thermo-
lysin unit cell29 and wavelength calibration at LCLS, neither of which were known to a con�dence higher than 1%.

Figure 1. Schematic of the stages in the assembly and maturation of phiX174, a T � 1 bacteriophage. �e 
procapsid (pdb 1cd316) contains proteins B, D, F, G & H and develops into the provirion20 by losing at least 
some of the B proteins and gaining protein J and DNA. Subsequent formation of the mature virion (pdb 2bpa18) 
occurs through the loss of D proteins and the remaining B proteins.












