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Ken Holmes was a versatile experimentalist. He applied his knowledge of the physical sciences to developing methods for determining the structure of biological samples. The need for more intense X-rays for the fiber diffraction of an insect muscle led to his outstanding contribution to structural biology: the use of synchrotron radiation as a source of X-rays for determining biological structures. This revolutionized protein crystallography, resulting in the determination of the structure of hundreds of thousands of proteins. Ken was also a good communicator. Many will remember his enthusiastic descriptions of “How muscle works,” even if they were not the definitive solution.
Ken read physics at St John’s College, Cambridge, obtaining a BA in 1955. He then moved to Birkbeck College in London, where he worked with Rosalind Franklin and later with Aaron Klug on the structure of the tobacco mosaic virus (TMV). TMV was known to be rod-shaped with protein subunits arranged helically around the long axis of the rod; there was also an RNA component. Ken and Franklin obtained X-ray fiber diagrams of oriented gels of the virus in a capillary using a finely focused X-ray camera. Diffraction patterns from samples with a single mercury atom on each protein subunit enabled them to determine the symmetry parameters of TMV (Franklin and Holmes, 1956, 1958). The isomorphous replacement method also revealed that a single strand of RNA is inside the virus and that there is central hollow core. Ken received a PhD for this work in 1959. The technique of X-ray fiber diffraction learnt from Franklin was to influence Ken’s future career.
In 1960, Ken moved to the Children’s Hospital in Boston to continue the work on TMV with a post-doctoral position in Don Caspar’s lab. Ken perfected the preparation of virus particles, and the large amounts of data were processed on an early IBM machine (Caspar and Holmes, 1969). Carolyn Cohen was also at the Children’s Hospital working on the structure of muscle proteins. The anterior byssus retractor muscle (ABRM) of Mytilus edulis was particularly interesting because it went into a “catch” state to keep the two halves of the shell shut. Ken was able to squeeze the ABRM into a capillary, with a technique similar to the one he used with TMV, forming an oriented gel. This gave very good X-ray fiber diffraction patterns, which Ken and Cohen showed were consistent with a coiled coil α-helical structure in paramyosin in the core of the myosin filaments (Cohen and Holmes, 1963). Although this introduction to muscle research was a sideline, it became the chief interest for most of Ken’s career.
Back in England in 1962, Ken moved to the Laboratory of Molecular Biology (LMB) in Cambridge to continue work on TMV in Aaron Klug’s group. During his early years at LMB, Ken developed a rotating anode X-ray generator with Bill Longley in order to improve the fine focus needed for the TMV work. This was a prototype of the Elliott X-ray generator. Meanwhile, John Pringle had become Linacre Professor of Zoology in Oxford in 1961. He was interested in the mechanism of oscillatory contraction of insect flight muscle. Richard Tregear joined him and set out to measure changes in the X-ray fiber diagram during the cyclical contraction of the flight muscle. Pringle had introduced the giant water bug, Lethocerus, as a model system for work on the flight muscle. The muscle fibers are up to 1 cm long, easily separated, and ideal for mechanical measurements. Tregear visited Cambridge to get advice from Ken about setting up an Elliott rotating anode in Oxford. He brought the flight muscle from the largest Lethocerus species, Lethocerus maximus. They used the Holmes-Longley fine focus rotating anode X-ray generator and an X-ray camera with a gold-plated glass mirror and bent quartz crystal monochromator (developed by Ken and Hugh Huxley) to take low-angle pictures of fibers in rigor and fibers relaxed by adding adenosine 5’-triphosphate (ATP) to the solution. There was a strong meridional reflection at 14.5 nm in the relaxed fibers that was absent when the fibers were in rigor. Mike Reedy was a post-doc with Huxley. He described a chance meeting with Ken and Tregear, who were uncertain about how to interpret the changes in the X-ray reflections. Reedy fixed the flight muscle fibers while they were in the X-ray beam. He embedded the fibers in the rigor or relaxed state and cut thin sections for electron microscopy. This showed that crossbridges spaced at 14.5 nm on thick filaments containing myosin were perpendicular to the long axis of the relaxed fiber and at an angle of 45° when fibers were in rigor. This was evidence for the swinging crossbridge model (Reedy et al., 1965). The careers of Ken and Reedy were immediately affected by this striking result. David Phillips, who was the professor of Molecular Biophysics in Oxford, offered Ken a position in the new department. This was supported by Pringle, who wanted to expand muscle research in the Zoology department, which then housed Biophysics. Ken turned down the position, preferring to accept the offer to set up a Biophysics department in the Max Planck Institute in Medical Research in Heidelberg. He thought that this would give him greater autonomy. Reedy became an assistant professor at UCLA.
In 1968, Ken resumed work on the structure of TMV in Heidelberg. He and collaborators made several heavy atom derivatives of the protein and determined the structure to 4Å resolution, including the structure of the RNA and its binding site (Holmes et al., 1972, 1975). Ken now left TMV to others and turned back to the muscle. He and Huxley had come to an agreement that Huxley would work on frog muscle and Ken on insect muscle. They aimed to record changes in fiber diffraction during contractions. In 1970, Gerd Rosenbaum and Ken established that the synchrotron at DESY Hamburg produced intense X-rays suitable for obtaining fiber diagrams from insect muscle. By 1972, Ken with Rosenbaum and John Barrington-Leigh had constructed the first X-ray beamline at DESY. Improvements were made by Ken and his team, including introduction of a quartz monochromator to improve the focus of the X-ray beam. The first measurements were made with Lethocerus flight muscle (Rosenbaum et al., 1971; Goody et al., 1975). The potential of the X-ray beam at DESY for solving biological structures led to the facility being transferred to EMBL in 1975 to become an EMBL Outstation. As Ken put it: "The need to record low-angle scattering x-ray fibre diagrams from muscle with milli-second time resolution drove the use of synchrotron radiation as an x-ray light source. The first smudgy diffraction patterns were obtained from a slice of insect flight muscle. Out of this grew the EMBL Outstation at DESY" (Holmes and Rosenbaum, 1998). Later, the storage ring, DORIS, which generated X-rays of greater intensity, was used for protein crystallography and fiber diffraction at Hamburg. There followed a worldwide expansion in the determination of protein structures using synchrotron radiation as an X-ray source.
Ken now turned to the structure of actin using the technique of X-ray fiber diffraction with oriented gels of polymerized actin in a capillary. Valerie Lednev, a visiting Russian scientist, and David Popp obtained good fiber diffraction of actin gels using a rotating anode X-ray source (Popp et al., 1987). However, the structure of the actin monomer was needed to fit to the monomer structure in the filament. This was achieved when Wolfgang Kabsch, Dietrich Suck, and others solved the structure of an actin-DNase 1 complex (Kabsch et al., 1990); they were able to do this because Uno Linberg had previously shown that DNase 1 binds to actin and prevents actin forming filaments. Ken and his co-workers obtained a fit of the actin monomer in the filament; this was refined by Michael Lorenz and the improved model was widely used for many years (Holmes et al., 1990; Lorenz et al., 1993). Ken with Lorenz, Rosenbaum, and others extended the fiber diffraction of oriented actin gels to gels of an actin-tropomyosin complex. The resulting model showed each tropomyosin pseudo-repeat interacting with an actin monomer in the same way, although there was no direct contact between tropomyosin and actin; the model was in agreement with images obtained by electron microscopy (Lorenz et al., 1995). It was not until 2009 that Toshiri Oda, Yuchiro Maeda, and others, using better oriented actin gels and a synchrotron X-ray source, showed that a domain of the actin monomer in the filament is rotated relative to its position in unpolymerized actin (Oda et al., 2009). Ken returned to studying the actin-tropomyosin complex using the new structure for the actin filament and a curved structure for tropomyosin derived from electron micrographs. Ken, with Stefan Fischer and Bill Lehman’s group, modeled tropomyosin as a relatively rigid structure with bends allowing the molecule to follow the actin helix (Li et al., 2010).
When the crystal structure of the actin-binding head region of myosin (S1) was determined in 1993, Ken started to model the binding of S1 to the actin filament; this was to be the main focus during the next stage of his career. Images of acto-S1 were obtained by cryo-electron microscopy. By fitting the structure of S1 in different nucleotide states to the structure of the acto-S1 complex, Ken and colleagues produced a model in which the angle of the lever arm in the distal part of S1 changed during the power stroke, while the angle of the actin-binding region remained constant (Rayment et al., 1993; Schröder et al., 1993; Holmes et al., 2003, 2004). The model suggested by Ken and colleagues for generation of the power stroke is fundamentally similar to current models: ATP binds to S1 and is hydrolyzed, S1 binds to actin with the lever arm up and an actin-binding cleft in S1 open (the pre-power stroke), phosphate migrates from the active site, the actin-binding cleft closes and the lever arm moves down to produce the power stroke of about 11 nm. Release of adenosine diphosphate (ADP) follows, resulting in the rigor state, corresponding to the end of the power stroke, first observed by Reedy, Holmes, and Tregear in 1965. The early model continues to be refined by others as more crystal structures of S1 using synchrotron X-ray sources became available, together with higher-resolution structures of acto-S1 determined by cryo-electron microscopy (Houdusse and Sweeney 2016; Robert-Paganin et al., 2020). Ken’s career saw the solution to the problem of how muscle works evolve from the first fiber diffraction patterns to the crystallographic structures of actin and myosin S1 and today to the high-resolution structure of the muscle sarcomere obtained using cryo-electron microscopy by Stefan Raunser and colleagues (Wang et al., 2021).
Ken and Klug both worked with Franklin at Birkbeck college. Franklin died before Ken had finished his PhD; Klug became the head of the group, and Ken learnt theoretical aspects of how to interpret fiber diffraction patterns from him. Their collaboration continued when the Birkbeck TMV group moved to LMB in Cambridge. Towards the end of his career, Ken embarked on a biography of Klug (Holmes, 2017). This meant frequent trips to Cambridge to talk to Klug and to visit the Archive Centre at Churchill College, which has the Klug papers (Figure). The book contains technical descriptions of Klug’s work on viruses and his analysis of electron microscopy images. It also gives a revealing picture of the academic life of molecular biologists in the UK at that time. During his visits to Cambridge, Ken re-established his links with St John’s College, even wearing the red boat club blazer from his undergraduate days to a college dinner.
[image: F]FIGURE | Ken on a visit to Cambridge in 2017.
AUTHOR CONTRIBUTIONS
The author confirms being the sole contributor of this work and has approved it for publication.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article or claim that may be made by its manufacturer is not guaranteed or endorsed by the publisher.
REFERENCES
 Caspar, D. L. D., and Holmes, K. C. (1969). Structure of Dahlemense Strain of Tobacco Mosaic Virus: a Periodically Deformed helix. J. Mol. Biol. 46, 99–133. doi:10.1016/0022-2836(69)90060-6
 Cohen, C., and Holmes, K. C. (1963). X-ray Diffraction Evidence for α-helical Coiled-Coils in Native Muscle. J. Mol. Biol. 6, 423–IN11. doi:10.1016/s0022-2836(63)80053-4
 Franklin, R. E., and Holmes, K. C. (1956). The Helical Arrangement of the Protein Subunits in Tobacco Mosaic Virus. Biochim. Biophys. Acta 21, 405–406. doi:10.1016/0006-3002(56)90043-9
 Franklin, R. E., and Holmes, K. C. (1958). Tobacco Mosaic Virus: Application of the Method of Isomorphous Replacement to the Determination of the Helical Parameters and Radial Density Distribution. Acta Crystallogr. 11, 213–220. doi:10.1107/s0365110x58000529
 Goody, R. S., Holmes, K. C., Mannherz, H. G., Leigh, J. B., and Rosenbaum, G. (1975). Cross-bridge Conformation as Revealed by X-ray Diffraction Studies on Insect Flight Muscles with ATP Analogues. Biophysical J. 15, 687–705. doi:10.1016/s0006-3495(75)85848-6
 Holmes, K. C. (2017). Aaron Klug-A Long Way from Durban: A Biography. Cambridge: Cambridge University Press. 
 Holmes, K. C., Angert, I., Jon Kull, F., Jahn, W., and Schröder, R. R. (2003). Electron Cryo-Microscopy Shows How strong Binding of Myosin to Actin Releases Nucleotide. Nature 425, 423–427. doi:10.1038/nature02005
 Holmes, K. C., Mandelkow, E., and Barrington Leigh, J. (1972). The Determination of the Heavy Atom Positions in Tobacco Mosaic Virus from Double Heavy Atom Derivatives. Naturwissenschaften 59, 247–254. doi:10.1007/bf00610199
 Holmes, K. C., Popp, D., Gebhard, W., and Kabsch, W. (1990). Atomic Model of the Actin Filament. Nature 347, 44–49. doi:10.1038/347044a0
 Holmes, K. C., and Rosenbaum, G. (1998). How X-ray Diffraction with Synchrotron Radiation Got Started. J. Synchrotron Radiat. 5, 147–153. doi:10.1107/s0909049597018578
 Holmes, K. C., Stubbs, G. J., Mandelkow, E., and Gallwitz, U. (1975). Structure of Tobacco Mosaic Virus at 6.7 Å Resolution. Nature 254, 192–196. doi:10.1038/254192a0
 Holmes, K. C., Trentham, D. R., Simmons, R., Holmes, K. C., Schröder, R. R., Sweeney, H. L., et al. (2004). The Structure of the Rigor Complex and its Implications for the Power Stroke. Phil. Trans. R. Soc. Lond. B 359, 1819–1828. doi:10.1098/rstb.2004.1566
 Houdusse, A., and Sweeney, H. L. (2016). How Myosin Generates Force on Actin Filaments. Trends Biochem. Sci. 41 (12), 989–997. doi:10.1016/j.tibs.2016.09.006
 Kabsch, W., Mannherz, H. G., Suck, D., Pai, E. F., and Holmes, K. C. (1990). Atomic Structure of the Actin: DNase I Complex. Nature 347, 37–44. doi:10.1038/347037a0
 Li, X., Lehman, W., Fischer, S., and Holmes, K. C. (2010). The Relationship between Curvature, Flexibility and Persistence Length in the Tropomyosin Coiled-Coil. J. Struct. Biol. 170 (2), 313–318. doi:10.1016/j.jsb.2010.01.016
 Lorenz, M., Poole, K. J. V., Popp, D., Rosenbaum, G., and Holmes, K. C. (1995). An Atomic Model of the Unregulated Thin Filament Obtained by X-ray Fiber Diffraction on Oriented Actin-Tropomyosin Gels. J. Mol. Biol. 246, 108–119. doi:10.1006/jmbi.1994.0070
 Lorenz, M., Popp, D., and Holmes, K. C. (1993). Refinement of the F-Actin Model against X-ray Fiber Diffraction Data by the Use of a Directed Mutation Algorithm. J. Mol. Biol. 234, 826–836. doi:10.1006/jmbi.1993.1628
 Oda, T., Iwasa, M., Aihara, T., Maéda, Y., and Narita, A. (2009). The Nature of the Globular- to Fibrous-Actin Transition. Nature 457, 441–445. doi:10.1038/nature07685
 Popp, D., Lednev, V. V., and Jahn, W. (1987). Methods of Preparing Well-Orientated Sols of F-Actin Containing Filaments Suitable for X-ray Diffraction. J. Mol. Biol. 197, 679–684. doi:10.1016/0022-2836(87)90474-8
 Rayment, I., Holden, H., Whittaker, M., Yohn, C., Lorenz, M., Holmes, K., et al. (1993). Structure of the Actin-Myosin Complex and its Implications for Muscle Contraction. Science 261, 58–65. doi:10.1126/science.8316858
 Reedy, M. K., Holmes, K. C., and Tregear, R. T. (1965). Induced Changes in Orientation of the Cross-Bridges of Glycerinated Insect Flight Muscle. Nature 207, 1276–1280. doi:10.1038/2071276a0
 Robert-Paganin, J., Pylypenko, O., Kikuti, C., Sweeney, H. L., and Houdusse, A. (2020). Force Generation by Myosin Motors: A Structural Perspective. Chem. Rev. 120 (1), 5–35. doi:10.1021/acs.chemrev.9b00264
 Rosenbaum, G., Holmes, K. C., and Witz, J. (1971). Synchrotron Radiation as a Source for X-ray Diffraction. Nature 230, 434–437. doi:10.1038/230434a0
 Schröder, R. R., Manstein, D. J., Jahn, W., Holden, H., Rayment, I., Holmes, K. C., et al. (1993). Three-dimensional Atomic Model of F-Actin Decorated with Dictyostelium Myosin S1. Nature 364, 171–174. doi:10.1038/364171a0
 Wang, Z., Grange, M., Wagner, T., Kho, A. L., Gautel, M., and Raunser, S. (2021). The Molecular Basis for Sarcomere Organization in Vertebrate Skeletal Muscle. Cell 184, 2135–2150. doi:10.1016/j.cell.2021.02.047
Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The reviewer SB and the handling editor declared their shared affiliation at the time of the review.
Copyright © 2022 Bullard. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Kenneth Charles Holmes 1934–2021		Author Contributions

		Publisher’s Note

		References









OPS/images/cover.jpg
’ frontiers o
in Molecular Biosciences






OPS/images/fmolb-09-855014-g001.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers o
in Molecular Biosciences





