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8 Abstract

o Conformational change mediates the biological functions of macromolecules. Crystal-
10 lographic measurements can map these changes with extraordinary sensitivity as a
1 function of mutations, ligands, and time. The isomorphous difference map remains
12 the gold standard for detecting structural differences between datasets. Isomorphous
13 difference maps combine the phases of a chosen reference state with the observed
14 changes in structure factor amplitudes to yield a map of changes in electron density.
15 Such maps are much more sensitive to conformational change than structure refine-
16 ment is, and are unbiased in the sense that observed differences do not depend on
17 refinement of the perturbed state. However, even minute changes in unit cell prop-
18 erties can render isomorphous difference maps useless. This is unnecessary. Here we
10 describe a generalized procedure for calculating observed difference maps that retains
20 the high sensitivity to conformational change and avoids structure refinement of the
a1 perturbed state. We have implemented this procedure in an open-source python pack-

2 age, MatchMaps, that can be run in any software environment supporting PHENIX
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23 and CCP4. Through examples, we show that MatchMaps “rescues” observed difference
¢ electron density maps for poorly-isomorphous crystals, corrects artifacts in nominally
25 isomorphous difference maps, and extends to detecting differences across copies within

26 the asymmetric unit, or across altogether different crystal forms.

27 1. Introduction

23 X-ray crystallography provides a powerful method for characterizing the changes in
20 protein structure caused by a perturbation (Hekstra et al., 2016; Keedy et al., 2018;
50 Bhabha et al., 2015; Brandén & Neutze, 2021). For significant structural changes, it is
s1  usually sufficient to refine separate structural models for each dataset and draw com-
32 parisons between the refined structures. However, for many conformational changes,
33 coordinate-based comparisons are inaccurate and insensitive.

34 In crystallography, electron density is not observed directly, but rather a diffraction
35 pattern consisting of reflections with intensities proportional to the squared ampli-
36 tudes of the structure factors—the Fourier components of the electron density. Unfor-
37 tunately, the phases of these structure factors are not observable. These phases corre-
33 spond in real space to shifts of the sinusoidal waves that add up to an electron density
30 pattern. Accordingly, phases are usually calculated from a refined model. Since phases
s have a strong effect on the map appearance (Read, 1986), naive electron density maps
a calculated using observed amplitudes and model-based phases will tend to resemble
422 the model, a phenomenon known as model bias.

3 The gold standard for detecting conformational change in crystallographic data is
s the isomorphous difference map(Rould & Carter, 2003). An isomorphous difference
45 map is computed by combining differences in observed structure factor amplitudes

46 with a single set of phases. The phases are usually derived from a model for one of the
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a7 two states, chosen as a reference. Thus, difference density Ap(x) is approximated as:

i HAOFF

Ap(x) = ([N = | FFE e Peoten (1)

i where |[FOV| and |FOFF| are sets of observed structure factor amplitudes from the

d)OFF .
cale,h ig g set of calcu-

© ON (perturbed) and OFF (reference) datasets respectively, e’
so lated structure factor phases derived from a structural model of the OFF data, h is
51 shorthand for the triplet of Miller indices (h,k,1), and x is shorthand for the real-
52 space point (z,vy, z). Crucially, therefore, isomorphous difference maps do not include
53 any information derived from modeling of the ON structure. Any difference electron
s« density relating to the ON data relative to the OFF data (e.g., positive difference
s density for a bound ligand) is thus guaranteed not to be biased by previous modeling
s of the ON state. Unfortunately, interesting conformational changes often slightly alter
57 the packing of molecules in the unit cell, which can manifest as changes in unit cell
s dimensions. Unit cells constants are also sensitive to temperature(Fraser et al., 2011),
so radiation damage(Ravelli & McSweeney, 2000), pressure(Barstow et al., 2008), and
oo humidity(Farley et al., 2014), meaning that even data collected on the same crystal
61 may not be quite isomorphous.

62 In this contribution, we will illustrate the consequences of deviations from per-
63 fect isomorphism, introduce an approach to the calculation of difference maps with-
64 out perfect isomorphism, and describe examples of the application of the software
s implementing this approach (MatchMaps) to a number of typical use cases. We find
66 the MatchMaps approach, moreover, to be applicable to molecules related by non-
67 crystallographic symmetry and molecules crystallized in altogether different crystal

es forms.

IUCr macros version 2.1.17: 2023/10/19


https://doi.org/10.1101/2023.09.01.555333
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.01.555333; this version posted January 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

6o 1.1. Implications of isomorphism

70 We begin by demonstrating the consequences of small deviations from perfect iso-
71 morphism. Our example makes use of three datasets, all of E. coli dihydrofolate reduc-
72 tase (DHFR) crystallized in spacegroup P2;212;. These datasets vary by which ligands
73 are bound to DHFR; we will discuss these ligands further below. Datasets 1RX2 and
7 1RX1 have unit cell dimensions identical to within 0.4%, whereas datasets 1RX2 and
75 1RX4 differ by 2% along the c-axis. Reflections in diffraction experiments report on
76 different 3D frequency components of the electron density of molecules in unit cell. As
77 such, the shape of the molecular arrangement may look essentially the same (that is,
78 isomorphous) at low spatial resolution, yet entirely different at high resolution (recall
79 that the contributions of different atoms, j, to structure factors add up by terms
o exp (27s - rj), for scattering vector s and atomic position r;). Measuring this quan-
a1 titatively, we see much higher correlations between the structure factor amplitudes
sz for our highly isomorphous pair of datasets (1IRX2 and 1RX1) than for our “poorly-
s3 isomorphous” pair (1RX2 and 1RX4) (solid lines in Figure la). We find a similarly
s« stark difference in correlations for the phases of refined models, whether measured
ss by a figure of merit, (cos(¢2 — ¢1)), or by a correlation coefficient (liable to small
ss phase wrapping artifacts). The loss in similarity of phases is visually striking (Figure
s7 1, panels b and c).

88 We expect the consequences of such loss of isomorphism to be severe: the compu-
o tation of an isomorphous difference map requires that 1) amplitude differences are
o large only when phase differences are small, and conversely that 2) phase differences
o1 are large only when amplitude differences are small. These requirements follow from
o2 Equation 1 above, and are depicted visually in (Rould & Carter, 2003). The isomor-
o3 phous data meet these requirements (Figure 1d). In contrast, the poorly-isomorphous
o« datasets display consistently large structure factor amplitude differences, regardless

IUCr macros version 2.1.17: 2023/10/19


https://doi.org/10.1101/2023.09.01.555333
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.01.555333; this version posted January 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

s of the corresponding structure factor phase difference (Figure le).

o6 1.2. Rethinking isomorphous difference maps via the linearity of the Fourier transform

07 An isomorphous difference map is typically computed by first subtracting the struc-
¢ ture factor amplitudes (e.g., subtracting in reciprocal space) and then applying the
99 Fourier transform to convert the structure factor differences into a real-space difference
10 map. However, because the Fourier transform and subtraction are both linear opera-
101 tions, their order can be switched without changing the result: one might just as well
102 calculate two electron density maps first and then subtract those maps voxel-by-voxel
103 to yield an isomorphous difference map.

104 This reordering suggests how difference map computation can be generalized beyond
105 the isomorphous case. Specifically, we see that the step in the algorithm most specific
106 to the assumption of isomorphism is the construction of “hybrid” structure factors,
17 which combine the observed structure factor amplitudes for the ON data (|FOOb£Yh )
10s with the calculated structure factor phases for the OFF data (gbgliFh) The resulting

100 structure factors thus have the form:

IFQN, | Oaten 2)

o Critically, if the ON and OFF data differ in unit cell volume and/or molecular orien-
1 tation, these OFF phases may be incompatible with the ON amplitudes.

112 The method presented below improves these “hybrid” structure factors by comput-
13 ing phases that account for the (generally uninteresting) shifts in molecular position

s and orientation without removing any signal associated with “interesting” changes.

115 2. The MatchMaps algorithm

16 The goal of MatchMaps is to achieve the best possible real-space difference density

17 map without utilizing a prior model of any structural changes of interest. To compute
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6
us a real-space difference density map, one first needs to approximate structure factor
19 phases for each dataset. As discussed above, the isomorphous difference map makes
120 the simplifying assumption that the same set of structure factor phases can be used
121 “as is” for both structures.

122 The key to MatchMaps is to improve phases for the ON data via rigid-body refine-
123 ment of the OFF starting model against the ON structure factor amplitudes. This
122 rigid-body refinement step improves phases by optimally placing the protein model
125 in space. However, the restriction of this refinement to only whole-model rigid-body
126 motion protects these new phases from bias towards modeled structural changes. The
127 result is two sets of complex structure factors which make use of the information
128 encoded in the structure factor amplitudes without relying on a second input model.
129 Next, each set of complex structure factors is Fourier-transformed into a real-space
130 electron density map. These two real-space maps will not necessarily overlay in space.
131 However, the rotation and translation necessary to overlay the maps can be obtained
132 from the results of rigid-body refinement. Following real-space alignment, the maps
133 can be subtracted voxel-wise to compute a difference map.

134 In the idealized case—similar structures, oriented identically in space, with identical
135 unit cells—MatchMaps will perform essentially identically to an isomorphous differ-
136 ence map. However, as we show in the examples below, MatchMaps is more capable
137 than a traditional isomorphous difference map of handling datasets that diverge from
133 this ideal. Furthermore, even in seemingly simple cases where isomorphous difference
130 maps perform well, the real-space MatchMaps approach can show distinct improve-

10 ments.
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w1 2.1. Details of algorithmic implementation

142 The full MatchMaps algorithm is as follows. As inputs, the algorithm requires two
143 sets of structure factor amplitudes (referred to as ON and OFF datasets, for simplicity)

14 and a single starting model (corresponding to the OFF data).

145 1. If necessary, place both sets of structure factor amplitudes on a common scale
146 using CCP4 (Agirre et al., 2023)’s SCALEIT (Henderson & Moffat, 1971) utility.
147 2. Truncate both datasets to the same resolution range. This prevents the final
148 difference map from preferentially displaying high-resolution features from the
149 higher-resolution dataset.

150 3. Generate phases for each dataset via the phenix.refine (Liebschner et al.,
151 2019) program. For each dataset, the OFF starting model is used, and only rigid-
152 body refinement is permitted to prevent the introduction of model bias. Bulk-
153 solvent scaling may be either included (by default) or omitted from refinement.
154 Including bulk-solvent scaling leads to better refinement statistics and higher
155 map quality overall. However, bulk-solvent scaling may “flatten” desired signal
156 in the solvent region, e.g. for a large bound ligand. This trade-off is left to the
157 user.

158 4. Create complex structure factors by combining observed structure factor ampli-
159 tudes with computed structure factor phases obtained from refinement. Fourier-
160 transform each set of complex structure factors into a real-space electron den-
161 sity map; this is performed using the python packages reciprocalspaceship
162 (Greisman et al., 2021) and gemmi (Wojdyr, 2022).

163 5. Compute the translation and rotation necessary to overlay the two rigid-body
164 refined models. Apply this translation-rotation to the ON real-space map such
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165 that it overlays with the OFF map. These computations are carried out using
166 gemmi. Note that the two rigid-body refined models are identical aside from
167 translation and rotation, rendering trivial the atom selection for alignment.
168 6. Subtract real-space maps voxel-wise.

169 7. Apply a solvent mask to the final difference map.

170 We note that MatchMaps is structured such that step 2 can be generalized to not
171 only rigid-body refinement but refinement of any “uninteresting features”, if the user
172 provides a custom PHENIX parameter file as specified in the online documentation.
173 For example, if the starting model contains multiple protein chains, each chain can be

172 rigid-body-refined separately.

s 2.2. Installation

176 MatchMaps can be installed using the pip python package manager (pip install
177 matchmaps). The various pure-python dependencies of MatchMaps are handled by
178 pip. Additionally, MatchMaps requires installation of the popular CCP4 and Phenix
170 software suites for crystallography. Once installed, the above protocol can be run in a
180 single step from the command line.

181 In addition to the base MatchMaps command-line utility, the utilities matchmaps.ncs
1.2 and matchmaps.mr provide additional functionalities explored in the examples below
183 and the online documentation. MatchMaps is fully open-source and readily extensible
182 for novel use cases.

185 For more information, read the MatchMaps documentation at:

1

s https://rs-station.github.io/matchmaps.

©

IUCr macros version 2.1.17: 2023/10/19


https://rs-station.github.io/matchmaps/index.html
https://doi.org/10.1101/2023.09.01.555333
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.01.555333; this version posted January 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

187 3. Comparison of MatchMaps with alternative approaches

188 Of course, MatchMaps is not the only possible method for comparing subtle structural
180 changes as differences in electron density. Two possible alternate methods contrast

10 interestingly with MatchMaps, and these methods warrant discussion here.

w 3.1. F, — F, difference maps

192 A common element of structure refinement is the so-called “F, — F.” map (or, often,
13 mEF,—DF,.), which is used to describe how the modeled structure differs from the data.
14 Details of the construction of such a map can be found elsewhere (Lamb et al., 2015).
105 In practice, F, — F, maps are often the output of a procedure including refinement
106 of atomic coordinates. In principle, however, an F, — F, map can derive from a rigid-
197 body-only refinement of a known structure to a new dataset. In this latter scenario,
s the F, — F, map is similar to a MatchMaps difference map (or in an isomorphous case,
199 an isomorphous difference map).

200 The difference between an F, — F, map and a MatchMaps difference map is that
201 whereas MatchMaps only ever uses observed structure factor amplitudes, the F, — F,
202 map describes the OFF /reference dataset using calculated structure factor amplitudes.
203 In the limiting case where the OFF model describes the OFF data perfectly, the
204 F, — F, map should look like a MatchMaps difference map. In fact, an F, — F. map
205 may look better, because the map coeflicients include only one set of measurement
206 errors. Unfortunately, however, any modeling errors of the OFF /reference state will be
207 included the final difference map. Accordingly, in an F, — F, map, it is impossible to
208 distinguish “real signal” (differences between the ON and OFF data) from modeling
200 errors. We illustrate this undesired behavior below.

210 Note that the map coefficients for an F, — F. map are created and saved by

au MatchMaps (if the --keep-temp-files flag is used), facilitating easy comparison
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212 between these two map types if desired.
a3 3.2. PanDDA
214 A recent, popular method for extracting subtle ligand-binding signal from crys-

215 tallographic data is the Pan-Dataset Density Analysis (PanDDA) approach (Pearce
a6 et al., 2017). A key practical difference between PanDDA and MatchMaps is that
217 while PanDDA expects several (typically ~dozens) datasets, MatchMaps supports
218 only two datasets at once. Additionally, whereas MatchMaps never changes internal
219 atomic coordinates of the input model, PanDDA aligns all input structures and maps
20 via a local warping procedure. Thus, PanDDA reduces its ability to describe protein
1 conformational changes in order to maximize its ability to detect weak ligand-binding

222 events.

223 4. Examples

24 The following examples explore the benefits and functionalities offered by MatchMaps.
225 All examples make use of published crystallographic data available from the Protein

26 Data Bank. Scripts and data files for reproducing the figures can be found on Zenodo.

27 4.1. MatchMaps for poorly-isomorphous datasets

228 The enzyme Dihydrofolate Reductase (DHFR) is a central model system for under-
29 standing the role of conformational change in productive catalytic turnover(Sawaya
230 & Kraut, 1997; Boehr et al., 2006; Bhabha et al., 2011). Specifically, the active-site
231 Met20 loop of E. coli DHFR can adopt several different conformations, each stabi-
222 lized by specific bound ligands and crystal contacts(Sawaya & Kraut, 1997). DHFR
213 bound to NADP™ and substrate analog folate adopts a “closed” Met20 loop (PDB

24 ID 1RX2), whereas DHFR bound to NADP*' and product analog (dideazatetrahy-
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235 drofolate) adopts an “occluded” Met20 loop (PDB ID 1RX4). These structures are
236 highly similar, other than the relevant changes at the active site (Figure 2a, structural
27 changes shown in boxes; RMSD 0.37 A for protein C-alpha atoms excluding Met20
238 loop).
239 Importantly, the presence of the occluded loop conformation leads to altered crystal
20 packing wherein the crystallographic b axis increases by 2%, from 98.91 A to 100.88
21 A (Figure 2c). Thus, 1RX2 and 1RX4 are “poorly isomorphous”; this means that
202 these structures, though extremely similar, cannot be effectively compared by an iso-
23 morphous difference map (Figure 2d,g). We illustrated the striking change in phases
224 between these structures in Figure 1. MatchMaps is able to account for this poor
25 isomorphism and recover the expected difference signal.
246 First, we focused on ligand rearrangement in the active site. In the occluded-loop
27 structure, the cofactor (Figure 2d-f, left) leaves the active site while the substrate (Fig-
s ure 2d-f, right) slides laterally within the active site. MatchMaps shows this expected
29 signal, with negative (red) difference density for the cofactor and paired positive (blue)
20 and negative (red) difference density for the substrate (Figure 2e-f). By contrast, an
251 isomorphous difference map (Figure 2d) is unable to recover this signal. A model of
22 the occluded-loop structure is shown for clarity in Figure 2f as blue sticks and clearly
253 matches with the positive difference density. Importantly, this ON model is never used
254 in the computation of the MatchMaps map.
255 We find a similar result around residues 21-25 of the Met20 loop (Figure 2g-i). Again,
6 MatchMaps shows readily interpretable difference signal for the change in loop con-
257 formation between the closed-loop (red) and occluded-loop (blue) structures (Figure
258 2h-1). The isomorphous difference map, on the other hand, contains no interpretable
250 signal in this region of strong structural change (Figure 2g). The occluded-loop model

260 18 shown for visual comparison in Figure 2i but was not used for computation of the
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%1 MatchMaps map.

262 4.1.1. MatchMaps is not susceptible to modeling errors As discussed above, F, — F,
263 maps can often display similar information to MatchMaps difference maps. Indeed, an
24 F, — F. map can perform similarly to MatchMaps in this case (Figure S1). However,
65 F,— F,. maps will inevitably also contain signal that is not in fact a difference between
266 ON and OFF datasets, but rather is a modeling error of the OFF model to the
267 OFF data. We demonstrate this behavior by introducing a spurious conformer of
268 phenylalanine 103 to the OFF starting model used above. Phel03 lies in a region distal
%0 to the ligands and active site (Figure 2b). An F, — F, map, which inherently includes
270 modeling errors, shows strong positive and negative difference density suggesting the
a1 correct Phel03 conformer (Figure 2j). From the F, — F, alone, it would be impossible
o2 to determine if this signal represented a difference between the ON and OFF data
273 or a modeling error. In contrast, the MatchMaps difference map shows no difference
274 density for this sidechain (Figure 2k). This is the desired and expected result; neither

75 dataset’s F, contains any information about this spurious conformer.

o6 4.2. MatchMaps corrects artifacts even for isomorphous datasets

277 The enzyme Protein Tyrosine Phosphatase 1B (PTP1B) plays a key role in insulin
s signaling(Elchebly et al., 1999), making it a long-standing target for the treatment of
279 diabetes using ortho- and allosteric drugs (Wiesmann et al., 2004; Keedy et al., 2018;
250 Choy et al., 2017). For illustration, we compare recent high-quality room-temperature
281 structures of the apo protein (PDB ID 7RIN) with the protein bound to the compet-
22 itive inhibitor TCS401 (PDB ID 7TMM1)(Greisman et al., 2022). In addition to the
283 presence/absence of signal for the ligand itself, the apo structure exhibits an equilib-

28« rium between “open” and “closed” active-site loops(Whittier et al., 2013), whereas

IUCr macros version 2.1.17: 2023/10/19


https://doi.org/10.1101/2023.09.01.555333
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.01.555333; this version posted January 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

13
285 the bound structure shows only the closed loop.
286 The datasets 7TRIN and TMM1 are sufficiently isomorphous that an isomorphous
257 difference map reveals the main structural changes. MatchMaps performs similarly.
28 Strong positive difference density (blue mesh) is seen for the TCS401 ligand (grey
280 sticks) in both the isomorphous difference map (Figure 3c¢) and the MatchMaps differ-
200 ence map (Figure 3d). Around residues 180-182 of the active-site loop (known as the
200 WPD loop), both the isomorphous difference map (Figure 3e) and MatchMaps differ-
202 ence map (Figure 3f) show strong signal for the decrease in occupancy (red mesh) of
203 the open loop conformation (red sticks) and an increase in occupancy (blue mesh) of
204 the closed loop conformation (blue sticks).
295 However, even in this seemingly straightforward case, we find that the isomorphous
206 difference map is susceptible to an artifact resulting from a slight (1.37 degrees) rota-
207 tion of the protein. The displacement between the original refined structural coordi-
208 nates of each structure is especially strong around residues 22-25 (Figure 3a, boxed
200 region; Figure 3g, apo model in gray, bound model in blue). In this region, an iso-
300 morphous difference map picks up on this artifactual difference between the datasets
so0  and displays strong difference signal (blue and red mesh). Remarkably, this signal
302 is similar in magnitude to the “true” signal seen in panels 3¢ and 3e. In contrast,
303 MatchMaps internally aligns the models after the computation of phases and before
s04 subtraction. Figure 3b (boxed region) and Figure 3h (apo model in red, bound model
305 in blue) show residues 22-25 following whole-molecule alignment of the protein models.
306 Following global alignment of the refined models, it is clear that this region does not
507 contain any “interesting” signal. Sure enough, the MatchMaps difference map contains
38 no strong signal in this region. In fact, the faint signal that persists in the MatchMaps
30 map for this region seems to report on a slight remaining coordinate displacement in

s0 this region following whole-molecule alignment.
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st 4.3. matchmaps.mr: comparing data from different spacegroups

312 For many protein systems, careful analysis of electron density change is stymied for
313 pairs of similar structures which crystallize in different crystal forms. The MatchMaps
s algorithm can be further generalized to allow comparison of datasets in entirely differ-
315 ent crystal packings or spacegroups. Specifically, the OFF model can serve as a search
316 model for molecular replacement for the ON data. Following this extra step, the algo-
317 rithm proceeds identically. We implement this modified algorithm in the commandline
a8 utility matchmaps.mr.

319 One such example is the enzyme DHFR, which has been crystallized in many
320 spacegroups(Sawaya & Kraut, 1997). Here, we examine two structures of the enzyme
s bound to NADPY, in spacegroups P212;2; (PDB ID 1RX1) and C2 (PDB ID 1RA1),
322 visualized in Figure 4a. These structures are overall similar, but differ in the active site
323 (Figure 4b-d). Here, we visualize these structural changes directly in electron density
324 without introducing model bias.

325 Specifically, in the P21212; structure, the active site Met20 loop adopts a closed
326 conformation. In the C'2 structure, the Met20 loop adopts an “open” conformation,
327 which is stabilized by a crystal contact in this crystal form(Sawaya & Kraut, 1997).
28 The difference between the open and closed loops is exemplified by residues 17-24
320 (Figure 4c¢). The open loop is stabilized by the formation of a key hydrogen bond
330 between the Asn23 backbone and the Ser148 sidechain. In the closed conformation,
331 Asn23 is too far from Ser148 to form a hydrogen bond (Figure 4d).

332 Remarkably, the positive difference density (blue) for the closed loop is strong and
333 readily interpretable in Figures 4c-d. The MatchMaps map was computed only using
s the P21212; (red) closed-loop model. This means that the signal for the open loop
335 conformation is derived only from the observed structure factor amplitudes for the
336 open-loop state in an unrelated crystal form!
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337 4.4. matchmaps.ncs: comparing NCS-related molecules

338 The real-space portion of the MatchMaps algorithm can be repurposed to create
330 “internal” difference maps across non-crystallographic symmetry (NCS) operations.
30 As an example, we examined the crystal structure of the fifth PDZ domain (PDZ5)
s from the Drosophila protein Inactivation, no after-potential D (INAD). This domain
32 plays an essential role in terminating the response of photoreceptors to absorbed
a3 photons by modulation of its ability to bind ligands (Mishra et al., 2007). In particular,
a4 the binding cleft of PDZ5 can be locked by formation of a disulfide bond between
s residues C606 and C645. PDZ5 was found to crystallize in a form with three molecules
us in the asymmetric unit (Figure 5a) where each molecules adopts a different state.
a7 Specifically, chain C contains a disulfide bond between residues Cys606 and Cys645,
ss whereas chain B does not. Chains B and C overlay well other than the disulfide bond
uo  region (Figure 5b). Chain A adopts a bound state by binding the C terminus of chain
30 C (not shown). MatchMaps enables calculation of an internal difference map, yielding
31 a clearly interpretable difference map for the formation of the disulfide bond (Figure

352 5C).

353 5. Discussion

3¢ The isomorphous difference map has been the gold standard for detecting conforma-
355 tional change for many years (Henderson & Moffat, 1971; Rould & Carter, 2003).
356  However, we show above that the same inputs—one structural model and two sets
357 of structure factor amplitudes—can be combined to compute a difference map that
358 shares the strength of an isomorphous difference map while ameliorating a key weak-
350 ness. Specifically, structure factor phases are highly sensitive not only to structural
0 changes (“interesting” signal) but also to changes in unit cell dimensions and model

31 pose (“uninteresting” signal). The introduction of rigid-body refinement minimizes
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362 the contribution of this uninteresting signal to the final difference map. In Figure
363 2, we illustrate a case where a loss of isomorphism significantly degrades the signal
36« of an isomorphous difference map. In this case, MatchMaps is still able to recover
365 the expected difference signal. Figure 3 shows a situation where the isomorphous dif-
366 ference map performs well for the strongest difference signal. However, even in this
67 seemingly straightforward use case, the isomorphous difference map is still susceptible
8 to “uninteresting signal”. MatchMaps removes this artifact successfully.
369 In our experience, crystallographic perturbation experiments are often shelved due
370 to changes in unit cell constants. MatchMaps removes, in principle, the requirement
sn for isomorphism and allows for the analysis of far more crystallographic differences.
372 Furthermore, the computation of an isomorphous difference map is entirely incom-
s13 patible with data from different crystal forms. The matchmaps . mr extension of MatchMaps
s allows for model-bias-free comparisons of electron densities regardless of crystal form,
375 opening up a new world of structural comparisons. For instance, an isomorphous dif-
376 ference map cannot characterize the impacts of crystal packing. As shown above,
377 MatchMaps can create such a map and thus allows enhanced understanding of the
378 often subtle role of crystal packing on protein structure.
379 MatchMaps depends only on the common CCP4 and Phenix crystallographic suites
380 along with various automatically installed pure-python dependencies. MatchMaps runs
381 in minutes on a modern laptop computer. The only required input files are a PDB or
22 mmCIF file containing the protein model, two MTZ files containing structure factor
33 amplitudes and uncertainties, and any CIF ligand restraint files necessary for refine-
e« ment. These are the same inputs required for many common purposes (such as running
355 phenix.refine) and would likely already be on hand. As outputs, MatchMaps pro-
sss  duces real-space maps in the common MAP/CCP4/MRC format which can be readily

37 opened in molecular visualization software such as PyMOL or Coot. For these reasons,
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s MatchMaps should slot naturally into the crystallographer’s workflow for analysis of
0 related datasets. Additionally, MatchMaps is open-source and can be easily modified
30 for a new use case by an interested developer. The authors welcome issues and pull

31 requests on GitHub for the continued improvement of the software.
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308 7. Figures and Legends

399 7.1. Figure 1 Structure factors depend sensitively on isomorphism

400 Here, we compare the E. coli DHFR dataset 1RX2 with a highly isomorphous struc-
a1 ture (1RX1) and with a poorly isomorphous structure (1RX4, see also figure 2). (a)
w2 Correlation coefficients for the isomorphous pair (circles) and poorly isomorphous pair
a3 (triangles): correlations were computed between structure factor amplitudes (solid
s+ lines) and cosines of structure factor phases (dashed lines), aggregated per resolu-
a5 tion bin. Additionally, a figure of merit (mean of cosine of differences) was computed
w6 between corresponding phases (dotted lines). While the isomorphous data correlate
a7 well even at high resolution, the poorly isomorphous data are uncorrelated even at
ss  moderate resolution. (b, ¢) Structure factor phases appear (b) highly correlated for
a0 the isomorphous structures, but (c¢) mostly uncorrelated between poorly-isomorphous
a0 structures. (d, e) For an isomorphous difference map to be meaningful, structure fac-

ann tor amplitudes should only differ when the phase difference is small, and structure
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a2 factor phases should only differ when the amplitude difference is small (Rould &
a3 Carter, 2003). This requirement is met in the isomorphous case (d), but not in the
s1a non-isomorphous case (e). All panels: Computed phases are obtained from the “PHIC”

a5 column of the deposited MTZ files.
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ar 7.2. Figure 2: MatchMaps for poorly-isomorphous structures

ss  (a) The structures 1RX2 and 1RX4 are similar overall (gray cartoons). The struc-
a0 tures differ mainly at the active site loop (1RX2, pink cartoon; 1RX4, blue cartoon)
20 and in the positions of the active-site ligands (1RX2, pink sticks; 1RX4, blue sticks).
221 (b) Same as (a), but rotated 90 degrees to the right about the vertical axis (pictured).
222 Sidechain for phenylalanine 103 is shown as dark gray sticks. (¢) The unit cells of
23 1RX2 and 1RX4 differ by 2% along the longest dimension (left to right in this figure)
20 from 98.912 Ato 100.879 A. (d-f) Visualization of the change in ligand position between
w25 1RX2 (red sticks) and 1RX4 (f, blue sticks). Positive difference density is shown as blue
26 mesh; negative different density is shown as red mesh. Importantly, the 1RX4 struc-
427 tural coordinates were not used in the creation of the the isomorphous or MatchMaps
428 maps. The isomorphous difference map contains essentially no interpretable signal.
20 In contrast, the MatchMaps map (e-f) contains clear signal for disappearance of the
10 cofactor and the lateral sliding of the substrate. (f) is the same as (e), with the addition
a1 of the 1RX4 structural coordinates as blue sticks. (g-1) Visualization of the change in
422 loop conformation between 1RX2 and 1RX4. Only protein residues 21-25 are shown.
a3 Coloring is as in panels d-f. (g) Again, the isomorphous difference map is not inter-
s pretable. (h-i) The MatchMaps positive difference density clearly corresponds with
a5 the 1RX4 structural model, which was not used in the creation of the map. (i) is the
a6 same as (h), with the addition of the 1RX4 structural coordinates as blue sticks. (j-k)
a7 Impact of a spurious conformer on F, — F,., MatchMaps. 1RX2 model for residues
a3z 101-105 are shown as pink sticks. The spurious conformer for Phel03 is shown as gray
a0 sticks. (j) F, — F. map shows clear positive (blue) and negative (red) density recog-
a0 nizing the erroneous conformer as a conformational change. (k) MatchMaps does not

a1 show difference density for the spurious conformer.
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az  7.3. Figure 3: MatchMaps removes artifact even in isomorphous case

ss  Comparison of apo (7RIN) and TCS401-bound (7MM1) structures of protein tyro-
us  sine phosphatase 1B. (a) The apo (gray) and bound (blue) structural models overlay
ws  well, but differ by a slight rotation. The difference in the models is especially apparent
a7 in the boxed region (see g). (b) Aligning the apo model (red) to the bound model
us  (blue) reveals that the structures overlay even better than the original coordinates
uo  suggest (see h). (c-d) Both the isomorphous map (c) and MatchMaps map (d) are
50 able to clearly show the bound ligand. The TCS401 ligand (gray sticks) is shown for
ss1 clarity but was not included in the computation of either map. Positive difference
a2 density is shown as a blue mesh. (e-f) Closeup of residues 180-182. Similarly to (c-d),
3 the change in loop equilibrium between open (red mesh, red sticks) and closed (blue
ssa - mesh, blue sticks) is apparent in both maps. (g-h) Residues 22-25 are shown. Though
as5  these structures meet the requirements for isomorphism, the refined protein models
w6 still differ by a slight rotation. (g) The isomorphous difference map recognizes the
a7 artifactual difference between TMM1 (blue) and 7RIN (gray) model locations, which
sss manifests as strong difference signal. This artifact is comparable in magnitude to the
50 “true” signal in panels (c) and (e). (h) MatchMaps internally aligns the models before
a0 subtraction and therefore avoids this artifact. The bound model after alignment to
s61  the apo model is shown in red. At +/- 2.5 o, there is no significant signal in the

162 MatchMaps map for this region.
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aws  7.4. Figure 4: MatchMaps for difference maps across difference spacegroups

465 A variant of MatchMaps (implemented in the command line as matchmaps.mr)
a6 can be used to compute difference maps between two crystallographic datasets in
a7 entirely different spacegroups. (a) Overlay of structural models of DHFR in space-
w8 group P2;212; (PDB ID 1RX1, blue cartoon) and spacegroup C2 (PDB ID 1RA1,
w0 red cartoon) along with the respective unit cells for each. (b) Alignment of structures
a0 in P21212; and C2 shows global agreement of structures. Structural differences are
s localized to the active site (boxed regions, P21212; structure in red, C'2 structure
sz in blue) and are known to result from differences in crystal packing. (c) Closeup on
a3 residues 17-24. MatchMaps positive (blue) and negative (red) difference density clearly
ara correspond to the refined structural coordinates for the P21212; (red) and C2 (blue)
475 models. Remarkably, the positive difference density is strong and clearly corresponds
aze  to the C'2 structure, despite the C2 structure never being used in the creation of the
a7 map. (d) Closeup on the hydrogen bond between residues Ser148 and Asn23, which
ars  is only present in the C2 crystal form (blue sticks). MatchMaps (positive) difference

479 density clearly indicates the hydrogen-bond-capable conformation.
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w1 7.5. Figure 5: MatchMaps for internal difference maps across non-crystallographic
482 symmetry operations

483 A variant of MatchMaps (implemented in the command line as matchmaps.ncs) can
s be used to compute internal difference maps across an NCS operation. (a) Overview of
as5s  the three PDZ domains related by non-crystallographic symmetry. Chain A is shown
a6 1in red, chain B in green, and chain C in blue. Residues Cys606 and Cys645, which
a7 can form a disulfide bond, are shown in orange. Coloring matches figure 2C from ref
sss  (Mishra et al., 2007). (b) Same as (a), plus a copy of chain C aligned and superimposed
a0 onto chain B, shown in light blue. (¢) Zoom on the disulfide bond formation. Chain
a0 C (light blue sticks) contains a disulfide bond between Cys606 and Cys645, whereas
s01 chain B (green sticks) does not. The positive (blue) and negative (green) difference

a2 density corresponding to each chain is clearly visualized by MatchMaps.

IUCr macros version 2.1.17: 2023/10/19


https://doi.org/10.1101/2023.09.01.555333
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.01.555333; this version posted January 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

26

Cys606,
reduced

Cys606 / Cys645
| disulfide bond
Cys645,
reduced

493

IUCr macros version 2.1.17: 2023/10/19


https://doi.org/10.1101/2023.09.01.555333
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.01.555333; this version posted January 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

27
404 8. References
495 References
a6 Agirre, J., Atanasova, M., Bagdonas H., Ballard, C. B., Baslé, A., Beilsten-Edmands, J.,
497 Borges R. J. Brown D. Burgos Marmol J. J Berrlsford J. M Bond, p. S,
498 Caballero L Catapano L. dhOJDOWSkI G., Cook G., Cowtan K. Croll T. 1.,
499 Debreczenl J Devenlsh N. E. Dodson, E. J., Drevon T. R., Emsley, P Evans G.,
500 Evans, P. R., Fando, M.7 Foadi, J., Fuentes- Montero L Garman E. F. Gerstel M.,
501 Gildea, R. J., Hatti, K., Hekkelman, M. L. Heuser P Hoh S. W Hough M. A
502 Jenkms H. T Jnnenez 'E. Joosten, R. P. Keegan R. M Keep, N., Krlssmel E. B,
503 Kolenko P, Kovalevskly, é Lamzm V. S. Lawson, D. hYa Lebedev A, Leshe
504 A. G. Lohkamp7 B., Lon F , Maly, M McCo A MchcholaS S. Medlna A,
505 Mlllan C., Murray, J. Murshudov {\hcholls AL Noble M E., Oeffner
506 R., Pannu N. S, Parkhurst J. M., Pearce N Pereira J Perrakls A Powell H. R.,
507 Read R. J ngden D.J., Rochlra W., Sammlto M., Sanchez Rodri uez Sheldrlck
508 G. M.7 Shelley, K. L., SlkaVIC F. Slmpkln Al Skubak P., So olev E., Steiner,
509 R. A., Stevenson, K., Tews, 1., Thomas7 J. M., Thorn7 A, Valls, J! T, Uski, V., Uson, L.,
510 Vagin, A., Velankar, S., Vollmar, M., Walden, H., Waterman, D., Wilson, K. S., Winn,
511 M. D., Winter, G., Wojdyr, M. & Yamashita, K. (2023). Acta crystallographica. Section
512 D, Structural biology, 79(March), 449-461.
513 Barstow, B., Ando, N., Kim, C. U. & Gruner, S. M. (2008). Proceedings of the National
514 Academy of Sciences of the United States of America, 105(36), 13362-13366.

515 Bhabha, G., Biel, J. T. & Fraser, J. S. (2015). Accounts of Chemical Research, 48(2), 423-430.
si6 Bhabha, G., Lee, J., Ekiert, D. C., Gam, J., Wilson, I. A., Dyson, H. J., Benkovic, S. J. &
517 Wright, P. E. (2011). Science, 332(6026), 234-238.

518 www.sciencemag.org/cgi/content/full /science.1199412/DC1

sio  Boehr, D. D., McElheny, D., Dyson, H. J. & Wrightt, P. E. (2006). Science, 313(5793),
520 1638-1642.

521 Briandén, G. & Neutze, R. (2021). Science, 373(6558).

522 https://doi.org/10.1126 /science.aba0954 https:/ /science.sciencemag.org/content /373 /6558 /eaba0954
523  Choy, M. S., Li, Y., Machado, L. E., Kunze, M. B., Connors, C. R., Wei, X., Lindorff-Larsen,
524 K., Page, R. & Peti, W. (2017). Molecular Cell, 65(4), 644—658.

525 http://dx.doi.org/10.1016/j.molcel.2017.01.014

526 Elchebly, M., Payette, P., Michaliszyn, E. Cromhsh W., Collins, S., Loy, A. L., Normandin, D.,
527 Cheng, A Himms- Hagen J., Chan C.C Ramaczhandran, C., Gresser, M. J., Tremblay,
528 M. L. & Kenmedy7 B. P. (1999). Science 283(5407)7 1544-1548.

529 https://WWW.science.org/doi/10.1126/science.283.5407.1544

s30  Farley, C., Burks, G., Siegert, T. & Juers, D. H. (2014). Acta Crystallographica Section D:
531 Biological Crystallography, 70(8), 2111-2124.

532 Fraser, J. S., Van Den Bedem, H., Samelson, A. J., Lang, P. T., Holton, J. M., Echols, N. &
533 Alber, T. (2011). Proceedings of the National Academy of Sciences of the United States
534 of America, 108(39), 16247-16252.

535 Greisman, J., Dalton, K. & Hekstra, D. (2021). Journal of Applied Crystallography, 54(5),
536 1521-1529.

537 http://scripts.iucr.org/cgi-bin/paper?te5079 https://journals.iucr.org/j/issues/2021,/05/00/te5079/
s3s  Greisman, J. B., Dalton, K. M., Sheehan, C. J., Klureza, M. A., Kurinov, 1. & Hekstra, D. R.

539 (2022). Acta Crystallographica Section D: Structural Biology, 78(8), 986-996.

540 http://scripts.iucr.org/cgi-bin/paper?rr5221 https://journals.iucr.org/d /issues/2022/08/00/rr5221/

sa1 Hekstra, D. R., White, K. I, Socolich, M. A., Henning, R. W., Srajer, V. & Ranganathan, R.
542 (2016). Nature, 540(7633), 400-405.

543 Henderson, R. & Moffat, J. K. (1971). Acta Crystallographica Section B Structural Crystal-

544 lography and Crystal Chemistry, 27(7), 1414-1420.
sa5 Keedy, D. A., Hill, Z. B., Biel, J. T., Kang, E., Rettenmaier, T. J., Brandao-Neto, J., Pearce,
546 N. M., von Delft, F., Wells, J. A. & Fraser, J. S. (2018). eLife, 7, 1-36.

se7 - Lamb, A. L., Kappock, T. J. & Silvaggi, N. R. (2015). Biochimica et Biophysica Acta - Proteins
548 and Proteomics, 1854(4), 258-268.

IUCr macros version 2.1.17: 2023/10/19


https://doi.org/10.1101/2023.09.01.555333
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.01.555333; this version posted January 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

28
sa0  Liebschner, D., Afonine, P. V., Baker, M. L., Bunkoczi, G., Chen, V. B., Croll, T. I., Hintze, B.,
550 Hung, L. W., Jain, S., McCoy, A. J., Moriarty, N. W., Oeffner, R. D., Poon, B. K., Prisant,
551 M. (%., Read, R. J., Richardson, J. S., Richardson, D. C., Sammito, M. D., Sobolev, O. V.,
552 Stockwell, D. H., Terwilliger, T. C., Urzhumtsev, A. G., Videau, L. L., Williams, C. J. &
553 Adams, P. D. (2019). Acta Crystallographica Section D: Structural Biology, 75, 861-877.

ssa  Mishra, P., Socolich, M., Wall, M. A., Graves, J., Wang, Z. F. & Ranganathan, R. (2007).
555 Cell, 131(1), 80-92.

ss6  Pearce, N. M., Krojer, T., Bradley, A. R., Collins, P., Nowak, R. P., Talon, R., Marsden, B. D.,

557 Kelm, S., Shi, J., Deane, C. M. & Von Delft, F. (2017). Nature Communications 2017
558 8:1, 8(1), 1-8.
550 https://www.nature.com/articles/ncomms15123

seo  Ravelli, R. B. & McSweeney, S. M. (2000). Structure, 8(3), 315-328.

se1 Read, R. J. (1986). Acta Crystallographica Section A, 42(3), 140-149.

se2 Rould, M. A. & Carter, C. W. (2003). Methods in Enzymology, 374, 145-163.

se3  Sawaya, M. R. & Kraut, J. (1997). Biochemistry, 36(3), 586—603.

se«  Whittier, S. K., Hengge, A. C. & Loria, J. P. (2013). Science, 341(6148), 899-903.

565 www.sciencemag.org/cgi/content /full /science.1239951 /DC1

se6  Wiesmann, C., Barr, K. J., Kung, J., Zhu, J., Erlanson, D. A., Shen, W., Fahr, B. J., Zhong,
567 M., Taylor, L., Randall, M., McDowell, R. S. & Hansen, S. K. (2004). Nature Structural
568 & Molecular Biology 2004 11:8, 11(8), 730-737.

560 https://www.nature.com/articles/nsmb803

sto - Wojdyr, M. (2022). Journal of Open Source Software, 7(73), 4200.

IUCr macros version 2.1.17: 2023/10/19


https://doi.org/10.1101/2023.09.01.555333
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.01.555333; this version posted January 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

29

Synopsis

571 MatchMaps is a generalization of the isomorphous difference map allowing for computation of
difference maps between poorly-isomorphous and non-isomorphous pairs of crystallographic
datasets. MatchMaps is implemented as a simple-to-use, python-based command-line interface.
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