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Abstract

X-ray crystallography is a cornerstone of biochemistry. Traditional freezing of protein crystals to
cryo-temperatures mitigates X-ray damage and facilitates crystal handling but provides an
incomplete window into the ensemble of conformations at the heart of protein function and
energetics. Room temperature (RT) X-ray crystallography provides more extensive ensemble
information, and recent developments allow conformational heterogeneity, the experimental
manifestation of ensembles, to be extracted from single crystal data. However, high sensitivity to
X-ray damage at RT raises concerns about data reliability. To systematically address this critical
question, we obtained increasingly X-ray-damaged high-resolution datasets (1.02-1.52 A) from
single thaumatin, proteinase K, and lysozyme crystals. Heterogeneity analyses indicated a
modest increase in conformational disorder with X-ray damage. Nevertheless, these effects do
not alter overall conclusions and can be minimized by limiting the extent of X-ray damage or
eliminated by extrapolation to obtain heterogeneity information free from X-ray damage effects.
To compare these effects to damage at cryo temperature and to learn more about damage and
heterogeneity in cryo-cooled crystals, we carried out an analogous analysis of increasingly
damaged proteinase K cryo datasets (0.9-1.16 A). We found X-ray damage-associated
heterogeneity changes that were not observed at RT. This observation and the scarcity of
reported X-ray doses and damage extent render it difficult to distinguish real from artifactual
conformations, including those occurring as a function of temperature. The ability to aquire
reliable heterogeneity information from single crystals at RT provides strong motivation for
further development and routine implementation of RT X-ray crystallography to obtain
conformational ensemble information.
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Significance

X-ray crystallography has allowed biologists to visualize the proteins that carry out complex
biological processes and has provided powerful insights into how these molecules function. Our
next level of understanding requires information about the ensemble of conformations that is at
the heart of protein function and energetics. Prior results have shown that room temperature (RT)
X-ray crystallography provides extensive ensemble information, but are subject to extenstive X-
ray damage. We found that ensemble information with little or no effects from X-ray damage can
be collected at RT. We also found that damage effects may be more prevalent than recognized in
structures obtained under current standard cryogenic conditions. RT X-ray crystallography can
be routinely implemented to obtain needed information about conformational ensembles.
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Introduction

Crystallographic structural information has been the cornerstone for the interpretation of
functional studies of proteins and for understanding biological processes and their regulation. It
is now routine to visualize the fold, interactions, and functional sites of proteins via X-ray
crystallography. Tens of thousands of protein crystal structures in the Protein Data Bank (PDB,
(1)) have been leveraged, together with simplified energetic or empirical rules, to predict protein
structures from sequence and to design new proteins (2—4).

Nevertheless, the advances in predicting structure have not been paralleled by equal progress in
connecting structure to energetics—in predicting folding free energies or binding and catalytic
constants. This limitation arises, at least in part, because the free energies associated with
processes such as folding, binding, and catalysis are defined by the ensemble of conformational
states sampled by the protein, with the probability of adopting each state being determined by its
relative free energy via Boltzmann distributions; in other words, biological function is dictated
by conformational landscapes, with each landscape defining a conformational ensemble (5-9).
Ensemble information is required to relate structure to free energies and thus to relate structural
states to how fast and efficiently proteins carry out their functions.

Traditional X-ray crystallography provides limited ensemble information (10—12). Information
about the conformational heterogeneity present in the crystal, the experimental manifestation of
ensembles, has sometimes been extracted from crystallographic B-factors, but these values are
incomplete reporters of conformational heterogeneity (13, 14). Further, the traditional practice of
cooling crystals to cryogenic temperatures can alter conformational distributions, including at
functional sites (15-19).

Ensemble information can be extracted from “high-sequence similarity PDB” (HSP) ensembles
obtained from dozens of traditional X-ray crystallography models of different protein variants
and in different crystal forms (20). The overall ensemble information obtained was shown to
generally agree with measurements at room temperature and has provided invaluable insights
into conformational landscapes, though there are also temperature-induced conformational
effects (20, 21). Perhaps the largest limitation to this approach is that tens of new cryo X-ray
structures are required, rendering it impractical to obtain ensemble information for new variants
as is needed to test models and explore new systems. Thus, additional approaches for obtaining
ensemble information are needed.

Accurate ensemble information can be obtained at room temperature from a single protein
crystal using novel modeling methods. This approach eliminates potential artifacts from cryo-
cooling and alleviates the need for dozens of crystal structures to obtain an HSP ensemble (15,
18, 22-25). In addition, recent computational methods have provided more accurate
representations of conformational heterogeneity from X-ray data. The program Ringer evaluates
electron density to uncover low-population alternative side-chain rotameric states (26), while the
program ¢Fit, combined with manual modeling, delivers multi-conformer models with explicit
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alternative conformations and orientations (24, 25, 27). Crystallographic disorder parameters (1-
$*' quantify the conformational heterogeneity within multi-conformer models and accurately
represent solution behavior (22). These tools enable the detection and quantification of changes
in conformational heterogeneity between different protein states (21, 29, 30).

Collecting high-quality and complete X-ray diffraction datasets from protein crystals at room
temperature is challenging because of the increased crystal X-ray damage sensitivity relative to
cryo-temperature (31-37). Cryo-crystallography became overwhelmingly popular after the
realization that cryo-cooling increased the amount and quality of diffraction data obtainable from
a single crystal (38, 39). Nevertheless, the need for accurate ensemble information and the
limitations of cryo-crystallography in delivering such information reignited interest in room
temperature X-ray crystallography (18, 23, 40).

A definitive return to room temperature X-ray crystallography requires methods to routinely
collect high quality data at widely accessible synchrotron facilities and minimizing X-ray
damage to protein crystals (34, 41-44) (see supplementary text 1). In prior work we described a
widely applicable approach for collecting high-quality room temperature X-ray diffraction
datasets from single crystals (41) which now allows us to address the second major challenge,
the impact of X-ray damage on conformational heterogeneity determination.

X-ray damage inevitably occurs during any synchrotron data collection, but to date only one
study that we are aware of has directly addressed the effects of X-ray damage on conformational
heterogeneity in protein crystals at room temperature, concluding that the overall heterogeneity
is not damage-dominated (28). Following from these encouraging findings, there is a clear need
for in-depth, quantitative, and systematic analysis of the effects of X-ray damage on
conformational heterogeneity to determine the capabilities of room temperature crystallography
to deliver atomic-level conformational ensemble information and to learn how to minimize or
eliminate damage-based artifacts, if possible. In addition, studies of X-ray damage under cryo
conditions have focused on chemical damage (32, 45-47), but there is little information about,
and thus a need for analysis of, damage effects on apparent conformational heterogeneity.

To determine the reliability of conformational heterogeneity information obtained from X-ray
diffraction at room temperature, we obtained increasingly damaged datasets from single crystals
of thaumatin, proteinase K, and lysozyme. We obtained high-resolution data (room temperature
datasets of 1.02-1.52 A in this work), facilitating the detection and quantification of
heterogeneity and the ability to isolate X-ray damage effects. Our results indicated lack of major
X-ray damage-induced changes in protein side chain rotameric states. Our analyses suggested a
modest and unevenly distributed increase in conformational disorder with X-ray damage and
suggested that limiting the overall diffraction intensity decay of the data to about 70% of its
initial value can provide datasets largely devoid of X-ray-induced conformational heterogeneity
effects. Importantly, we provide an analysis pipeline to ensure that this is the case and

! The original work used order parameters (S°). Disorder parameters are simply 1-(S?) and were used in this and prior work (28).
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demonstrate that X-ray damage-associated heterogeneity effects can be corrected for, via a
generally-applicable procedure. Complementary analysis of atomic-resolution cryo temperature
X-ray datasets (0.9 — 1.16 A) revealed X-ray damage-associated conformational heterogeneity
changes that were not observed at room temperature. These observations caution that, in practice,
structures obtained from cryo-cooled crystals for which the effects of X-ray damage have not
been carefully evaluated may not always represent distinct states from the conformational
landscape. Overall, our results, combined with prior findings (28, 48), suggest that room
temperature X-ray data from single crystals can and should be used to obtain accurate
conformational heterogeneity information as is needed to connect structure to energetics and to
provide deeper understanding of protein function.
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Results

Obtaining increasingly X-ray damaged datasets from single crystals at room temperature. X-
ray damage to protein crystals occurs at all temperatures but protein crystal are equisitely
sensitive to X-ray damage at room temperature, rendering it critical to assess damage under these
conditions (see supplementary text 2). We employed recent data collection approach that
optimized the room temperature X-ray diffraction experiment and allowed us to obtain high-
resolution datasets of increasing X-ray damage from thaumatin, proteinase K, and lysozyme
single crystals ((41) Figure 1, Tables S1-S4). For each crystal, we struck a compromise between
the extent of X-ray-damage and the resolution of the most X-ray damaged dataset (see Materials
and Methods). We collected diffraction data until the total diffraction intensity dropped to about
half of its initial value, which represents significant X-ray damage, but the most damaged
datasets were still of high-resolution (<1.5 A, see Materials and Methods (Figure 1A-B)). To
assess the effects of X-ray damage on heterogeneity, we obtained four complete increasingly X-
ray damaged datasets from the thaumatin and proteinase K crystals and three from the lysozyme
crystal (Figure 1, Tables S1-S4, see Mateirals and Methods). Overall, all diffraction datasets
were of sufficiently high resolution to allow accurate and quantitative modeling of
conformational heterogeneity using the Ringer and gFit multi-conformer approaches and to
quantify conformational heterogeneity via crystallographic disorder parameters (1-S%) (22, 25,
26).
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Figure 1. Increasingly X-ray damaged room temperature datasets from single crystals of thaumatin,
proteinase K, and lysozyme. Each plot point represents a complete dataset of 120 images that was collected from
the same crystal orientation (see Materials and Methods). (A) Normalized dataset intensity, (B) dataset resolution,
and (C) unit cell volume as a function of the absorbed X-ray dose (average diffraction weighted dose (DWD), see
Materials and Methods).
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X-ray damage effects at room temperature: Ringer and electron density
analysis of side-chain rotameric distributions

Lack of major X-ray damage effects on side-chain rotameric distributions at room
temperature. To evaluate the effect of X-ray damage on conformational heterogeneity, we first
looked for changes in side-chain rotameric distributions with increasing damage®. We used the
program Ringer, which systematically samples electron density around side chain dihedral angles
and can identify low-occupancy alternative rotameric states at low electron density levels,
thereby enabling the detection of potential changes in side chain rotamer distributions with X-ray
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Figure 2. Illustration of Ringer analysis to quantitatively evaluate the effects of X-ray damage on side chain rotameric
distributions. These panels depict examples from the proteinase K datasets obtained in this work. Data from the least (red, left)
and most (blue, right) X-ray damaged datasets collected at room temperature (A) or cryo temperature (D). Visually, it appears
that there is partial X-ray-induced breakage of the disulfide bond in (D) but not in (A). The arrow points to the appearance of a
new population for C178 that manifests as a broadened distribution. The electron density (1 o, in grey mesh) and model (in
sticks) of the C178-C249 disulfide bond are shown. (B, E) Normalized Ringer profiles. Plots of electron density (o) as a function
of dihedral angle ' for C178 (electron density from the least and most damaged datasets in red and blue, respectively). Each
point in a Ringer profile represents the electron density for a specified dihedral angle (see Materials and Methods). The arrow
indicates a difference between the least and most damaged datasets corresponding to the appearance of a new state for C178 in
the damaged cryo dataset (D). (C, F) Correlation plots between electron density values (6) from B and E, respectively, of least
(x-axis) and most (y-axis) damaged datasets. The Pearson correlation coefficient (Pcc) represents the agreement between least
and most damaged Ringer profiles with Pcc = 1 for a perfect correlation (dashed line).

% Changes in rotameric distributions include appearance of a new rotameric state (e.g., 100% A > 50% A and 50% B),
dissapearence of an existing rotameric state (e.g., 50% A and 50% B > 100% A), and/or redistribution of rotameric populations
within existing rotameric states (e.g., 20% A and 80% B = 80% A and 20% B)
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We obtained and compared normalized Ringer profiles for each residue in each protein from the
increasingly X-ray damaged datasets, and we quantified the similarity between profiles by
calculating the Pearson correlation coefficient (Pcc) between the differentially damaged datasets
(see Materials and Methods). Analysis of the normalized profiles is illustrated in Figure 2.

When the least and most X-ray damaged room temperature datasets are compared for all residues
of thaumatin, proteinase K, and lysozyme, 98% of the residues had Pcc > 0.95 (Figure 3A,
Table S5); mean square errors (MSEs) of the distributions yielded similar agreement (Figure S1
and Table S5). Further, the majority of the 2% outliers exhibited Ringer profiles with little
change in their rotameric distributions (Figure S2). Only three residues out of 485 side chains
across all three protein gave a clear change in rotameric distribution (Figure 3B, see also Figure
S2). These results indicate that X-ray damage at room temperature does not induce changes in
side-chain rotameric distributions for the vast majority of residues.
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Figure 3. Limited effects of X-ray damage on side-chain rotameric distributions at room temperature. (A) Cumulative
fraction of Pearson correlation coefficients (Pcc) for the dihedral angle ' of each residue in thaumatin (top), proteinase K
(middle), and lysozyme (bottom) (see Table S5 for Pcc values for all residues). Pcc were obtained as described in Figure 2 and
Materials and Methods. (B) Most significant outliers with Pcc < 0.95 for thaumatin (top), proteinase K (middle), and lysozyme
(bottom). Figure S2 shows the Ringer profiles and correlation plots for all residues with Pcc < 0.95.

We next focused on disulfide bonds and functional active site residues, all found to be
exquisitely sensitive to X-ray damage at cryo temeperatures (45—47, 49-55). For both disulfide
bonds in all three proteins and functional active site residues in lysozyme and proteinase K,
quantitative comparison of normalized Ringer profiles showed no evidence for changes in
rotameric states (see Figures S3-S5 and supplementary texts 3 and 4 for additional analyses,
including electron density analyses, and discussion), consistent with the above observations of
the lack of X-ray damage-associated rotameric state changes for the vast majority of residues in
all three proteins. Thus, X-ray damage at room temperature does not alter conclusions about
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local conformational preferences and distributions of disulfide bonds and functional active site
groups.
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The effect of X-ray damage on conformational heterogeneity determined from
multi-conformer models and disorder parameters

In the previous section we determined if changes in rotameric states appear as a result of X-ray
damage at room temperature. In this section we carry out complementary analyses to further
evaluate the effects of X-ray damage at room temperature by obtaining and comparing multi-
conformer models and crystallographic disorder parameters (1-S%) from the increasingly
damaged datasets for each protein (see Materials and Methods, Figure 4A, Tables S8-
S10).While the Ringer analysis above allowed to evaluate potential changes in rotameric states,
the disorder parameter (1-S*) analysis can identify changes in heterogeneity regardless if they are
associated with changes in rotameric populations or changes within the same rotameric state
(22). Further, quantification of heterogeneity from multi-conformer models is most often achived
via (1-S?).

Evaluating the effect of X-ray damage on conformational heterogeneity from increasingly
damaged datasets. We quantified the overall impact of X-ray damage on conformational
heterogeneity by first comparing the average (1-S*) values, (1 — S2), from the increasingly
damaged datasets (Tables S12-S14). The black symbols in Figure 4B show that (1 — S?) values
gradually increase with increasing dose for all three proteins. To determine if heterogeneity
increases equally for all residues or if the effects are heterogeneous, we plotted the (1-S?) value
as a function of X-ray dose for each residue in each protein and we extracted the slopes of the
corresponding plots (Tables S12-S14). The grey symbols in Figure 4C show a wide distribution
of positive slopes, indicating that while the conformational heterogeneity increased for all
residues, it increased to different extent for different residues. Figures 4D shows the changes in
conformational heterogeneity throughout each protein, by plotting the difference (1-S*) values
(A(1-S%)) for their least and most X-ray damaged datasets on the protein structure (also see
Figure S7). There are regions with greater and lesser X-ray damage effects throughout each
protein, with some apparent clustering of regions of higher X-ray damage.

We compared (1-S%) values for disulfide-bond forming cysteine residues and for all other
residues (Figures 4B-C), which provided evidence for similar behavior of cysteine and other
residues, consistent with the analyses from the previous section. As we were able to collect
increasingly X-ray-damaged datasets from the same crystal, we could obtain (1-S%) values for
each residue that are free of X-ray damage effects by extrapolating to zero dose (zero-dose (1-
S?)); the extrapolation was done by fitting a linear equation to the plot of (1-S%) for each residue
as a function of the absorbed X-ray dose so that the y-intercept represented the zero-dose values
of (1-S*) (see Materials and Methods). Figure 4E shows the distribution of zero-dose (1-S7%)
values for each protein. While not trivial, these extrapolated data provide the highest accuracy
conformational heterogeneity information.
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Figure 4. Evaluating the effects of X-ray damage on conformational heterogeneity at room temperature using multi-
conformer models and disorder parameters (1-S%). (A) Illustration of multi-conformer models; shown are two regions of the
proteinase K 277 K multi-conformer model from the least damaged dataset (PDB 7LPU). (B) Average (I—SZ) for all residues
(black circles) and for disulfide bond-forming cysteine residues (red circles) as a function of the absorbed X-ray dose for each
protein. (C) Top. Boxplot showing the distribution of slopes obtained from a plot of the (1-S?) value as a function of the absorbed
X-ray dose calculated for each residue in each protein (see Tables S12-S14 for individual values). The whiskers show the
quartiles of the distributions. Bottom. The data for all residues from the top plot now represented as a cumulative fraction. Dark
to light grey: thaumatin, lysozyme, proteinase K. (D) A(1-S?) values between the least and most damaged datasets plotted on the
structure of each protein. The diameter of the worm representation and the color both correlate with the magnitude of the A(I-Sz).
(E) X-ray damage free (zero-dose) (1-S?) values plotted on the structure of each protein as in panel (D).
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Evaluating the effect of accumulating X-ray damage on apparent conformational
heterogeneity. In the previous sections we addressed the fundamental question of how X-ray
damage impacts conformational heterogeneity in protein crystals at room temperature using
independent increasingly damaged datasets, and we showed how these modest effects could be
eliminated by extrapolating (1-S%) values to zero dose (Figure 4E). Nevertheless, it may not be
possible, or practical, in all cases to obtain a series of high-resolution and complete increasingly
X-ray damaged room temperature datasets from the same crystal. As a result, in most cases all
the collected X-ray diffraction data with increasing damage will likely be merged in a single
dataset. Thus, the confident use of conformational heterogeneity information from protein
crystals at room temperature requires an assessment of the extent to which merging increasingly
X-ray damaged data impacts the observed heterogeneity. To emulate a typical data collection
and analysis from single crystals, we analyzed datasets in which an increasing amount of
increasingly X-ray damaged data were merged.

We obtained four increasingly X-ray damaged datasets for thaumatin and proteinase K and three
such datasets for lysozyme by merging increasing amounts of diffraction data (Tables S15-S17
for diffraction statistics, and see Materials and Methods). We refined multi-conformer models
and calculated (1-S%) values for each dataset (see Tables S15-S17 for refinement statistics). The
values of (1 — S?) as a function of relative overall intensity decay (I//Iy) for each protein are
plotted in Figure SA. The (1 — S?) values are essentially unchanged for datasets for which the
diffraction intensity of the merged data has decayed to about 70% of its initial value (/1 ~ 0.7,
average from all three proteins), whereas merging data decayed to more than 7/, ~ 0.7 results in
an increase in apparent (1 — S?) values (Figure 5A).

Figure 5B shows a comparison of the average values for the zero-dose (1-S?) and for (1-S?) from
the increasingly X-ray damaged datasets and Figure 5C shows the per residue (1-S*) values for
the same datasets plotted on the structure of each protein. This analysis indicates that the average
and per residue values for the zero-dose (1-S%) and for all (1-S%) from increasingly X-ray
damaged datasets are of the same magnitude. Detailed analysis indicates that the values of the
zero-dose (1-S%) and for the (1-S%) from the datasets that have decayed not more than 1/J; ~ 0.7
are higly similar and that the (1-S?) for the most X-ray damaged datasets (dataset 4 for thaumatin
and proteinase K and dataset 3 for lysozyme, all of which have decayed to 7/l < 0.6) are the
most different when compared to all others. Figure 5C indicates that the (1-S%) values increase
most strikingly in the central region of thaumatin’s B-sandwich and the solvent exposed turns,
while the most notable increase in (1-S%) values in proteinase K is predominantly observed
within the protein’s core, in particular in the two central a-helices. Overall, these results suggest
that, on average, protein diffraction data decayed to not more than about 7/7,~ 0.7 can be merged
and that the extracted conformational heterogeneity information can be used with reasonable
confidence.
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Figure 5. Evaluating the effects of X-ray damage on conformational heterogeneity at room temperature in datasets with
increasingly damaged data merged together. (A) Analysis of datasets that have accumulated an increasing amount of damage
to emulate typical room temperature data collection from single crystals. Average (1-S%) as a function of the relative intensity
(I/1y) of the most damaged diffraction data merged together (see Tables S18-S20). //], is the ratio of the total intensity of a
diffraction dataset from the beginning of the data collection (/y) and the intensity of a diffraction dataset obtained from the same
crystal orientation in later stages of data collection (/) (see Materials and Methods). Open symbols are used when (/) is less
than 0.6. (B) Bar plot of the average values for the zero-dose (l-Sz) and for (l-Sz) from the increasingly damaged (merged)
thaumatin (blue), proteinase K (red) and lysozyme (green) datasets. (C) Comparison of zero-dose (1-S?) (far left) and (1-S?) from
the least to most X-ray damaged merged datasets (left to right) with (1-S%) values plotted on the structure of each protein. Note
that the scales differ to best visualize each protein. The diameter of the worm representation is correlated with the magnitude of
the (1-S?) values. The zero-dose (1-S%) and the (1-S%) from the least damaged datasets are qualitatively and quantitatively similar
(also see Figure S10).
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Evaluating the effects of X-ray damage on conformational heterogeneity at
cryo temperature

The importance of X-ray structural models in biomedical research is reflected in the tremendous
developments in X-ray sources of increasing brilliance which, together with the extended
lifetimes of protein crystals at cryo-temperatures (38, 39), have resulted in the determination of
more than 10° X-ray structures to date. The primary goals of X-ray crystallography has been to
obtain information about the folded state of proteins, and how they interact with one another and
with small molecules. In keeping with this goal, since its introduction in X-ray crystallography,
cryo-cooling has enabled the facile collection of diffraction data that can be used to obtain high-
resolution models for a very large number of proteins.

Nevertheless, cryo-cooling can alter protein conformations in the crystal (15-19). Now, with
increasing focus on how proteins function as dynamic entities, accuracy in structural details and
information that extends beyond static states are imperative (6, 7, 15, 22, 23, 56-58). Much prior
work has demonstrated specific X-ray damage to side chains at cryo temperatures, but our
current knowledge of the extent and impact of X-ray damage on the distribution of rotameric
states under these conditions is limited (33, 46, 47, 51, 53). Russi and coworkers observed an X-
ray-induced increase in average (1-S*) values under cryo-conditions (28), suggesting potential
impact on rotamer distributions and underscoring the need for further evaluation, which we have
carried out herein for proteinase K.

To assess the effects of X-ray damage on side chain rotameric distributions at cryo temperature,
we collected increasingly X-ray damaged cryo temperature proteinase K datasets until the total
diffraction intensity dropped to about half of its initial value (Figure 6A and Table S21),
paralleling the procedure we used in evaluating room temperature X-ray damage (Figure 1). We
carried out our comparisons in this way because diffraction intensity decay is often used as a
practical measure of damage in X-ray data collection (59). However, as the X-ray dose required
to decrease the overall diffraction intensity is typically 50-100 times lower at room temperature
than at cryo temperature (see suppelemntary text 2), the total X-ray doses absorbed by the
proteinase K crystal were substantially higher at cryo temperature (Tables S2 and S21).

As carried out with our room temperature data, we refined structural models against each of
these increasingly X-ray—damaged datasets. Figure S11 shows the final model and electron
density for the least X-ray damaged dataset (0.90 A resolution), and Table S21 gives data
collection and refinement statistics for all models. Diffraction resolution decayed as expected,
although the most damaged dataset was still of relatively high resolution (1.16 A; Figure 6A and
Table S21), allowing damage effects to be readily analyzed. The 11 MGy X-ray dose absorbed
by the most damaged proteinase K dataset (dataset 7, Figure 6A) is significantly below the
Henderson and Garman dose limits of 20 MGy and 30 MGy, respectively, which have been used
as a rule of thumb in cryo-crystallography X-ray data collection (59, 60) and is consistent with
previous estimates of diffraction half-doses of about 10 MGy at 100 K (61). In addition, the
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widespread use in the recent years of micron-sized X-ray beams with increasingly brilliant X-ray
sources at many synchrotrons presumably leads to depositing large X-ray doses a general
practice, and makes it likely that a significant fraction of high-resolution cryo structures on the
PDB have been obtained from datasets that have absorbed an X-ray dose of at least 10 MGy.
Nevertheless, for the vast majority of high-resolution structures in the PDB, the X-ray dose and
extent of diffraction decay are not reported and the extent of X-ray damage present is difficult or
not possible to estimate. Thus, an in-depth analysis of cryo datasets with increasing X-ray
damage for a model protein is important to begin to calibrate these possible effects, and we have
used proteinase K for this analysis.

Evaluating X-ray damage effects on proteinase K side chain rotameric distributions at cryo
temperatures. To assess any potential changes in side-chain rotameric distributions with X-ray
damage and determine whether this could be an issue of concern in practice, we obtained Ringer
profiles for each side chain in each of the increasingly X-ray damaged datasets and calculated
Pcc between the Ringer profiles of the least damaged dataset and each of the increasingly
damaged datasets, for every residue. The fraction of residues for which Pcc > 0.95 decreased
with increasing X-ray damage (Figures 6B and 6C), suggesting that X-ray damage alters
multiple side chain rotameric distributions for proteinase K.

Inspection and comparison of the Ringer profiles and electron density maps for residues with Pcc
< 0.95 revealed changes in rotameric state distributions for a number of residues, with the most
striking changes shown in Figure 6D. X-ray damage had diverse effects: disappearance of
rotameric states (S63), redistribution of side chain rotameric distributions (S143, V198, S224,
S247, N276), and appearance of new rotameric states (H69). Inspection of the electron density
for surrounding residues indicated that none of these changes appeared to be directly coupled to
breaking any of proteinase K’s two disulfide bonds. The changes in rotameric distributions
appeared gradually (Figure 6D, right panel), and at least in some instances were already present
at I/, of about 0.9 (e.g., S247 and N276 in Figure 6D, right panel, compare Ringer profiles in
red (dataset 1) and tan (dataset 2)). Thus, even with seemingly high-quality diffraction data, X-
ray damage can be present and can affect certain interpretations and conclusions.
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Figure 6. X-ray damage to cryo cooled crystals can alter protein side chain rotameric distributions and can
impact conclusions about changes in conformational heterogeneity with temperature. (A) Plot of the
normalized total intensity vs. absorbed dose for increasingly damaged datasets collected at 100 K from the same
orientation of a single proteinase K crystal (Table S21). The resolutions of the least damaged and most damaged
cryo datasets are indicated. Cumulative fraction (B) and boxplots (C) of Pearson correlation coefficients between the
Ringer profiles for all residues in the least and increasingly damaged cryo datasets. In (B) the lower row shows Pcc
values plotted on the proteinase K structure. The diameter of the worm representation is inversely correlated with
the magnitude of the Pcc. (Figures S12-S17 show the Ringer plots for all residues with PCC < 0.95, see also Table
S22). (D-F) A subset of residues with Pcc of <0.95. (D) Left and middle columns. The least (dataset 1) and most
(dataset 7) damaged cryo datasets, residues are shown as sticks. Electron density is shown as grey mesh and is
contoured at 1o for all residues except H69, for which the contour is at 0.4 sigma. Right. Raw Ringer profiles for the
residues in (D) from the increasingly damaged datasets; colors correspond to those in (A). (F) Same residues as in
(D) but from the least (dataset 1) and most (dataset 4) damaged room temperature datasets. Electron density is
shown as grey mesh as in (D). (F) Normalized Ringer profiles for the residues in (D) and (E): the least and most
damaged 100 K datasets are shown in red and blue, respectively, with the least damaged room temperature dataset
shown in green. Arrows show the appearance or disappearance of peaks. The room temperature Ringer profiles were
obtained from electron density maps with resolution matched to the resolution of the 100 K datasets (i.e. 1.16 A).

Comparing X-ray damage effects on side chain rotameric distribution at cryo and room
temperatures. When the least and most X-ray damaged cryo datasets are compared, only about
80% of all residues have Pcc > 0.95, compared to 98% of residues with Pcc > 0.95 at room
temperature (Figure 6B 1v7, compare with Figure 3B, middle), suggesting that when datasets
the diffraction intensity of which has decayed to a similar extent are compared (e.g. to about 50%
of its initial value for the proteinase K and comparing cryo and room temperature datasets of
similar initial resolutions (0.90 A (100 K dataset) and 1.02 A (277 K)) X-ray damage has a more
profound impact on rotameric state distributions at cryo that at room temperature. Figure 6E
shows the electron density of the least and most X-ray damaged room temperature proteinase K
datasets for the same residues as highlighted in Figure 6D as subject to damage effects under
cryo conditions. The rotameric distributions do not change with X-ray damage at room
temperature, consistent with the analyses in previous sections (compare Figure 6D left and
middle columns and Figure 6E left and right columns, respectively).

The above results suggest that X-ray damage present in a cryo dataset may impact structural
conclusions and also conclusions made about temperature effects on the conformational
landscape. Take as an example the residues from Figure 6D. Comparing the least damaged cryo
dataset with the room temperature dataset (Figure 6D, left and 6E, left, respectively) identifies
new rotameric states for V198, S247, and N276 at room temperature, no changes for S63 and
H69, and a redistribution of rotameric states for S143 and S224. However, comparing the most
damaged cryo dataset with the room temperature dataset (Figure 6D, middle and 6E, left,
respectively) leads to different conclusions—H69 and S224 as residues for which rotameric states
disappear, S63 as a residue for which a new rotameric state appears, and V198 and S247 as
unchanged. In other words, comparing the room temperature dataset with the most X-ray
damaged cryo dataset would identify false positives changes to residues S63 and H69 and as
false negative effects at V198 and S247. In addition, for S143, S224, S247, and N276,
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comparing the room temperature dataset with either the least or most damaged cryo dataset
would lead to different estimates of the change of relative rotameric state distributions with
temperature (see also supplementary text 5 and Figure S20).

Proteinase K side chain rotameric distributions at cryo versus room temperature. Previous
work identified temperature-associated differences between a XFEL room temperature dataset
and a synchrotron cryo-temperature dataset for proteinase K, including an increase in the number
of alternative conformations at room temperature (62). While XFEL data are X-ray damage free
(see suplementary text 1), synchrotron X-ray data are not, and inspection of the structural model
from the cryo-cooled synchrotron data from previous work (PDB code SKXV) and comparison
with the least and most X-ray damaged cryo-cooled models from this study suggest that the
SKXV cryo-cooled structure had suffered X-ray damage effects (Figure S21), suggesting that
rotameric distributions could have been altered. The previous work focused on assessing changes
of rotameric states across temperature; our analysis allowed us to extend these comparisons to
identify changes in rotameric distributions in the absence of apparent changes in the rotameric
states. Indeed, the side chains of residues S216 and S219 change rotameric distributions without
changing rotameric states, extending the number of serine residues for which temperature-
associated rotameric changes were previously observed (Figure S18) (62). The rotameric
changes that we observed across temperature (26 residues out of 279, about 10%, Figure S20,
left, Figure S18) provide a highly accurate window into temperature-associated molecular
behaviors central to proteins and may provide a valuable resource to evaluate and improve the

% 28 v j
S 27A 6% Weryo 2
egg ._@28}\ cryo

Weryo 1

ability of computational models to predict temperature-dependent changes.

Figure 7. Extended network of interactions couples motions of distant residues M154 and V198 in proteinase
K. M154 and V198 motions are quenched at cryo (right) but not at room temperature (left). Water molecules form
an extended network upon freezing that quenches V198 motion. Waters Wy, 1 and Wy, 2 are too close to V198 to
allow the existence of the alternative rotameric state observed at room temperature (also see Figure S22).

The cryo and room temperature proteinase K datasets obtained in this work, because of their high
accuracy and resolution, allow for analyses and comparisons that might not have been previously
possible. For example, our room temperature dataset allowed us to uncover a dynamic network
comprising side chains and water molecules extending from the solvent-exposed high-affinity
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Ca’" binding site in proteinase K about 17 A into the hydrophobic core. Cryo-cooling appears to
quench these motions (Figure 7 and Figure S22).

Comparison of hydrogen bonds from room temperature and cryo X-ray data. Hydrogen bonds
are ubiquitous and central to protein folding, molecular recognition, and enzyme catalysis and
have been studied broadly using high-resolution protein crystal structures, with the vast majority
obtained via cryo X-ray crystallography (63—72). Given the importance of hydrogen bonds, we
used our high-resolution structural data to appraise the effects of X-ray damage on hydrogen
bond lengths. We identified all hydrogen bond pairs involving backbone and side chains within
each protein and then compared the hydrogen bond lengths between the structural models
obtained from the least and most X-ray damaged datasets (see Materials and Methods). The
correlation between hydrogen bond lengths obtained from the least damaged (dataset 1) and most
damaged (dataset 7) 100 K proteinase K structures has a slope of 1.03 and R* value of 0.92
(Figure S23A), and Figures S23B and S24 show that R® decreases with increasing X-ray
damage. The same analysis using the least (dataset 1) and most (dataset 4) damaged room
temperature proteinase K datasets yielded a correlation with a slope of 1.03 and R* value of 0.98
(Figure S23C, left), and we found similar highly consistent correlations for thaumatin and
lysozyme least vs most X-ray damaged room temperature datasets (slope = 1.00 and R* = 0.97
and slope = 1.04 and R” = 0.95, respectively, Figure S23C, middle and right, respectively). Our
analyses suggest that X-ray damage is more likely to impact hydrogen bond lengths obtained
from cryo-cooled crystals compared to room temperature crystals, underscoring the importance
of tracing X-ray damage and its impact whenever possible.
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Discussion

As we move to a new era of mechanistic understanding in biology, focus has shifted from static
protein structures to dynamic ensembles of states that are determined by free energy landscapes
(5-7, 23, 30, 56, 73, 74). To understand the complex functions carried out by biomolecules and
their control we need to determine how and why these ensembles and their underlying energy
landscapes change as biomolecules carry out their function, and how they change in response to
interacting with other molecules and to mutation.

In principle, the limitations of cryo-crystallography and HSP ensembles (see Introduction) are
overcome by room temperature X-ray crystallography (23-26, 30), but room temperature X-ray
crystallography itself poses several challenges: crystals without cryo-cooling generally diffract to
lower resolution, are highly sensitive to X-ray damage, and present practical challenges for
crystal handling and data collection (34-37, 41). We previously described approaches to make
room temperature X-ray crystallography more practical and robust and to reduce X-ray damage
(41). Here we carry out the next step needed to test and establish the broad applicability of room
temperature X-ray crystallography, building on and extending prior studies to systematically
assess the effects of X-ray damage (28, 48, 75).

The impact of X-ray damage at room temperature. Our analyses show that very high-resolution
data, 1.02 — 1.22 A in this work, can be obtained without X-ray damage causing substantial
distortion of the conformations present. We found no evidence for X-ray damage-associated
changes in rotameric distributions of functional active site residues, local conformational
heterogeneity, or hydrogen bond lengths. We did find evidence for some X-ray damage occuring
to disulfide bonds, in agreement with prior work (28, 48, 76), but no evidence for X-ray
associated changes in cysteine rotameric distributions and no extreme sensitivity of these bonds.

From a practical perspective, Blundell and Johnson in their foundational room temperature work
recommended discarding crystals when the relative diffraction intensity (//)) of a given
reflection dropped to 0.85 of its original value (/y), but suggested that a limit of 0.7 (I/Iy) could
be acceptable if the crystal supply was limited (77). The analyses in this work allowed us to
further evaluate the proposed decay limit. We found that merging data with overall intensity
decreases of up to about 70% of the initial value (Z/Iy ~ 0.7) did not substantially impact the
calculated heterogeneity. Thus, the Blundell and Johnson’s lower intensity decay limit is
expected to provide conformational heterogeneity information devoid of major alterations from
X-ray damage and can be further tested and refined following the approaches used herein.

Overall, the results herein and our prior work (41) provide the means to readily collect room
temperature X-ray data and to test and ensure that the data collected and models obtained are of
high integrity. In addition, we demonstrate the ablity to obtain “gold standard” zero-damage
ensemble information and extract ensemble information free of X-ray damage for instances
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where the highest accuracy and precision are needed.” While not every protein will be suitable
for room temperature X-ray crystallography, due to the need for larger-than-average crystals to
facilitate high-quality data collection (41) and for relatively high resolutions to robustly model
and interpret heterogeneity (generally better than 1.7-2.0 A, depending on the method (22, 24,
25)), many proteins and protein-complexes meet these criteria and can be used to obtain
generalizable insights into the interplay of dynamics and function and provide ground truth
measurements for testing and developing computational models.

The impact of X-ray damage at cryo temperature. The effects of X-ray damage on protein
structure at cryo temperatures has been extensively investigated, with a large number of studies
revealing X-ray-induced disulfide bond reduction and side chain decarboxylation (4547, 59).
Here we evaluated the effects of X-ray damage within a cryo-cooled crystal on the apparent
conformational landscape of a protein, as the appearance or disappearance of rotameric states can
lead to erroneous mechanistic, functional, and energetic conclusions.

When comparing proteinase K cryogenic versus room temperature datasets of similar resolution
and with similar loss in the overall diffraction intensity due to X-ray damage, we found fewer
effects from X-ray damage at room temperature. We also found multiple changes and multiple
types of changes in rotameric states for several individual side chains that were not observed at
room temperature. These changes included states that appeared, disappeared, and redistributed.
Subtle changes in rotameric states and hydrogen bond lengths were also more prevalent under
the cryogenic conditions.

The X-ray dose required to halve the diffraction intensity of a protein crystal is typically 50-100
times higher at cryo temperature than at room temperature so that less diffraction decay is
expected and observed at cryo temperature for a given X-ray dose (34-37). Nevertheless, in
practice, data are often collected based on empirical measures of the amount of damage so that
cryogenic data are typically collected with much higher X-ray doses than room temperature data
and, importantly, these X-ray doses are often not known.

In their seminal work on cryo-cooled ferritin crystals, Owen and coworkers analyzed traditional
structural models and electron density maps and proposed a practical diffraction intensity decay
limit of I/Iy ~ 0.7; the authors cautioned, and very rightly so, that larger decays could
compromise the biological information (59). Our observations that rotameric state changes are
already present at I/l ~ 0.9, suggest that, in addition to following the recommended /1, ~ 0.7
limit, in-depth analyses may be required to evaluate and address X-ray damage effects at even
lower decays when detailed ensemble comparisons are intended (also see supplementary text 6).

These findings have direct implications for HSP ensemble analyses. HSP ensembles obtained
from multiple cryogenic X-ray structural models provide valuable depictions of overall protein

* The extrapolated zero-damage disorder parameters (1-S?) do not define a unique ensemble of states as, in principle, different
combinations of states, each of which can be more or less flexible, can give rise to similar (l-Sz). Nevertheless, this ensemble
information can be used to make direct comparisons to (1-S?) from other experimental approaches, such as NMR, and from
computational models.
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ensemble properties (20, 21). However these ensembles are typically collections of structural
models obtained for other purposes, often from crystals that have absorbed relatively high X-ray
doses to obtain structural data to high resolution, so that, correspondingly, the amount of X-ray
damage can be high and the effects on rotameric distributions generally unknown.

X-ray damage and multitemperature X-ray crystallography. Cryo-cooling can alter
conformational heterogeneity, and it has been found that over one-third of residues in protein
crystals exhibit different and generally broader distribution of states at room temperture (15, 18,
23, 30, 78). Temperature-induced changes could be localized or could propagate throughout the
protein, and our analysis of proteinase K provided an example of propagated temperature-
induced changes where freezing appears to hinder a long-range rotameric side-chain
rearrangement by hindering the ability of water molecules to reorient when frozen. In principle,
the temperature dependence of a conformational ensemble can provide information about the
forces underlying the energy landscape, and particular attention has been paid to changes arising
from the so-called glass transition around 180-220 K (30, 79, 80). More broadly, an exciting
new approach termed “Multitemperature Multiconformer X-ray crystallography” (MMX) was
recently proposed in which a series of datasets obtained at various temperatures can be used to
follow changes in rotameric distributions with temperature and could be exploited to uncover
energetic coupling between states and provide testable hypothesis about allostery in proteins (30,
78). Our results show that effects from X-ray damage can alter these conclusions. X-ray damage
effects can lead to both false positives and false negatives and to incorrect conclusions that
particular changes do or do not happen. More generally, confident interpretation of
conformational heterogeneity changes across temperature will require evaluation of the effects of
X-ray damage on conformational heterogeneity at each temperature, following the approaches
outlined in this work (also see supplementary text 7).

Fundamentally, conformational distributions of protein residues and their temperature-dependent
changes can provide invaluable information about the forces that dictate protein behavior and
thus function. Such information can in principle be used to tune and test force fields, and ensure
their accuracy and general applicability. As we move toward an era with reliable information
about protein ensembles, we can envision an understanding of protein function firmly grounded
in the fundamental forces that dictate and define the energy landscapes that guide conformational
states and function.
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Materials and methods

Protein crystallization, X-ray diffraction data collection, and model refinment. All proteins
were crystallized as previously described (41); single-crystal diffraction data were collected at
SSRL, beamline BL9-2 at 277 K or at 100 K. Diffraction data processing, model building, and
difference electron density maps were carried out using standard methods. Multi-conformer
models were obtained and crystallographic disorder parameters were calculated as previously
described (22, 25) (see also SI Appendix). All structural models were deposited on the PDB and
all accession codes can be found in the S7 Appendix.

Ringer analysis. Ringer profiles were obtained for each residue in each protein using the Ringer
program as implemented in phenix.refine and using a 5° sampling angle (26) (see also S/
Appendix).

Calculating Pearson correlation coefficients (Pcc). The Pearson correlation coefficient (Pcc)
between normalized Ringer profiles was calculated using the scipy.stats.pearsonr function of the
SciPy package in Python 3 (81) (see also ST Appendix).

Hydrogen Bond Comparisons. Hydrogen atoms were written using the Reduce program (82).
Only hydrogen bonds with nitrogen or oxygen donor/acceptor and those made between protein
atoms were included in the analysis. A relative B-factor for the hydrogen bond is calculated
using B-factors of the least damaged dataset (see also SI Appendix).

Acknowledgments. Use of the Stanford Synchrotron Radiation Lightsource (SSRL), SLAC
National Accelerator Laboratory, is supported by the U.S. Department of Energy, Office of
Science, and Office of Basic Energy Sciences under Contract No. DE-AC02-76SF00515. The
SSRL Structural Molecular Biology Program is supported by the DOE Office of Biological and
Environmental Research and by the National Institute of Health (NIH), National Institute of
General Medical Sciences (NIGMS, P41GM103393). The contents of this publication are solely
the responsibility of the authors and do not necessarily represent the official views of NIH or
NIGMS. This work was funded by a National Science Foundation (NSF) Grant (MCB-1714723)
to DH. FY was supported in part by a long-term Human Frontiers Science Program postdoctoral
fellowship. DAM acknowledges support from the Stanford Medical Scientist Training Program
and a Stanford Interdisciplinary Graduate Fellowship (Anonymous Donor) affiliated with
Stanford ChEM-H. We thank Dirk Zajonc, Antoine Royant, Lindsay Deis, James S. Fraser,
William Weis, Ariana Peck, and Catherine Stark for feedback, Lisa Dunn (SSRL) for help with
scheduling experimental beam time.

24


https://doi.org/10.1101/2021.06.27.450091
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.27.450091; this version posted June 28, 2021. 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-ND 4.0 International license.

References
1. H. M. Berman, et al., The Protein Data Bank. Nucleic Acids Res. 28, 235-242 (2000).

2. P.-S.Huang, S. E. Boyken, D. Baker, The coming of age of de novo protein design. Nature 537, 320—
327 (2016).

3.  B. Kuhlman, P. Bradley, Advances in protein structure prediction and design. Nat. Rev. Mol. Cell
Biol. 20, 681—-697 (2019).

4.  A.W. Senior, et al., Improved protein structure prediction using potentials from deep learning.
Nature 577, 706—710 (2020).

5. R. H. Austin, K. W. Beeson, L. Eisenstein, H. Frauenfelder, I. C. Gunsalus, Dynamics of ligand binding
to myoglobin. Biochemistry 14, 5355-5373 (1975).

6. D. D. Boehr, R. Nussinov, P. E. Wright, The role of dynamic conformational ensembles in
biomolecular recognition. Nat. Chem. Biol. 5, 789—-796 (2009).

7.  H. Frauenfelder, S. Sligar, P. Wolynes, The energy landscapes and motions of proteins. Science 254,
1598-1603 (1991).

8. B. Ma, S. Kumar, C. J. Tsai, Z. Hu, R. Nussinov, Transition-state ensemble in enzyme catalysis:
possibility, reality, or necessity? J. Theor. Biol. 203, 383—-397 (2000).

9.  R. Nussinov, C.-J. Tsai, H. Jang, Protein ensembles link genotype to phenotype. PLoS Comput. Biol.
15, e1006648 (2019).

10. D.Ringe, G. A. Petsko, Mapping protein dynamics by X-ray diffraction. Prog. Biophys. Mol. Biol. 45,
197-235 (1985).

11. G. A. Petsko, Not just your average structures. Nat. Struct. Biol. 3, 565-566 (1996).

12. N. Furnham, T. L. Blundell, M. A. DePristo, T. C. Terwilliger, Is one solution good enough? Nat.
Struct. Mol. Biol. 13, 184—185 (2006).

13. A. Kuzmanic, N. S. Pannu, B. Zagrovic, X-ray refinement significantly underestimates the level of
microscopic heterogeneity in biomolecular crystals. Nat. Commun. 5, 1-10 (2014).

14. Z.Sun, Q. Liu, G. Qu, Y. Feng, M. T. Reetz, Utility of B-Factors in Protein Science: Interpreting
Rigidity, Flexibility, and Internal Motion and Engineering Thermostability. Chem. Rev. 119, 1626—
1665 (2019).

15. J.S. Fraser, et al., Hidden alternative structures of proline isomerase essential for catalysis. Nature
462, 669-673 (2009).

16. B. Halle, Biomolecular cryocrystallography: Structural changes during flash-cooling. Proc. Natl.
Acad. Sci. 101, 4793-4798 (2004).

25


https://doi.org/10.1101/2021.06.27.450091
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.27.450091; this version posted June 28, 2021. 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-ND 4.0 International license.

17. D. H.Juers, B. W. Matthews, Reversible lattice repacking illustrates the temperature dependence
of macromolecular interactions. J. Mol. Biol. 311, 851-862 (2001).

18. D. A. Keedy, et al., Crystal Cryocooling Distorts Conformational Heterogeneity in a Model Michaelis
Complex of DHFR. Structure 22, 899-910 (2014).

19. T.Sandalova, G. Schneider, H. Kack, Y. Lindqvist, Structure of dethiobiotin synthetase at 0.97 A
resolution. Acta Crystallogr. D Biol. Crystallogr. 55, 610-624 (1999).

20. R.B. Best, K. Lindorff-Larsen, M. A. DePristo, M. Vendruscolo, Relation between native ensembles
and experimental structures of proteins. Proc. Natl. Acad. Sci. 103, 10901-10906 (2006).

21. F.Yabukarski, et al., Assessment of enzyme active site positioning and tests of catalytic
mechanisms through X-ray—derived conformational ensembles. Proc. Natl. Acad. Sci. 117, 33204—
33215 (2020).

22. R.B. Fenwick, H. van den Bedem, J. S. Fraser, P. E. Wright, Integrated description of protein
dynamics from room-temperature X-ray crystallography and NMR. Proc. Natl. Acad. Sci. 111,
E445-E454 (2014).

23. J.S. Fraser, et al., Accessing protein conformational ensembles using room-temperature X-ray
crystallography. Proc. Natl. Acad. Sci. 108, 16247-16252 (2011).

24. D. A. Keedy, J. S. Fraser, H. van den Bedem, Exposing Hidden Alternative Backbone Conformations
in X-ray Crystallography Using qFit. PLOS Comput. Biol. 11, e1004507 (2015).

25. H.van den Bedem, A. Dhanik, J.-C. Latombe, A. M. Deacon, Modeling discrete heterogeneity in X-
ray diffraction data by fitting multi-conformers. Acta Crystallogr. D Biol. Crystallogr. 65, 1107-1117
(2009).

26. P.T.Llang, etal., Automated electron-density sampling reveals widespread conformational
polymorphism in proteins. Protein Sci. 19, 1420-1431 (2010).

27. B.T.Riley, etal., gFit 3: Protein and ligand multiconformer modeling for X-ray crystallographic and
single-particle cryo-EM density maps. Protein Sci. Publ. Protein Soc. 30, 270-285 (2021).

28. S.Russi, et al., Conformational variation of proteins at room temperature is not dominated by
radiation damage. J. Synchrotron Radiat. 24, 73—82 (2017).

29. J.T.Biel, M. C. Thompson, C. N. Cunningham, J. E. Corn, J. S. Fraser, Flexibility and Design:
Conformational Heterogeneity along the Evolutionary Trajectory of a Redesigned Ubiquitin.
Structure 25, 739-749.e3 (2017).

30. D.A.Keedy, et al., Mapping the conformational landscape of a dynamic enzyme by
multitemperature and XFEL crystallography. eLife 4, e07574 (2015).

31. E.F.Garman, M. Weik, X-ray radiation damage to biological macromolecules: further insights. J.
Synchrotron Radiat. 24, 1-6 (2017).

26


https://doi.org/10.1101/2021.06.27.450091
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.27.450091; this version posted June 28, 2021. 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-ND 4.0 International license.

32. E.F.Garman, R. L. Owen, Cryocooling and radiation damage in macromolecular crystallography.
Acta Crystallogr. Sect. Wiley-Blackwell 62, 32—47 (2006).

33. C. Nave, E. Garman, Towards an understanding of radiation damage in cryocooled macromolecular
crystals. J. Synchrotron Radiat. 12, 257—-260 (2005).

34. P.Roedig, et al., Room-temperature macromolecular crystallography using a micro-patterned
silicon chip with minimal background scattering. J. Appl. Crystallogr. 49, 968-975 (2016).

35. R.J.Southworth-Davies, M. A. Medina, |. Carmichael, E. F. Garman, Observation of Decreased
Radiation Damage at Higher Dose Rates in Room Temperature Protein Crystallography. Structure
15, 1531-1541 (2007).

36. M. Warkentin, R. Badeau, J. Hopkins, R. Thorne, Dark progression reveals slow timescales for
radiation damage between T = 180 and 240 K. Acta Crystallogr. Sect. D 67, 792—803 (2011).

37. M. Warkentin, R. Thorne, Glass transition in thaumatin crystals revealed through temperature-
dependent radiation-sensitivity measurements. Acta Crystallogr. Sect. D 66, 1092—-1100 (2010).

38. H.Hope, Cryocrystallography of biological macromolecules: a generally applicable method. Acta
Crystallogr. Sect. B 44, 22—-26 (1988).

39. H. Hope, Crystallography of Biological Macromolecules at Ultra-Low Temperature. Annu. Rev.
Biophys. Biophys. Chem. 19, 107-126 (1990).

40. K.V.Dunlop, R.T. Irvin, B. Hazes, Pros and cons of cryocrystallography: should we also collect a
room-temperature data set? Acta Crystallogr. D Biol. Crystallogr. 61, 80—87 (2005).

41. T. Doukov, D. Herschlag, F. Yabukarski, Instrumentation and experimental procedures for robust
collection of X-ray diffraction data from protein crystals across physiological temperatures. J. Appl.
Crystallogr. 53 (2020).

42. R.L.Owen, etal., Outrunning free radicals in room-temperature macromolecular crystallography.
Acta Crystallogr. D Biol. Crystallogr. 68, 810-818 (2012).

43. C.Rajendran, F. S. N. Dworkowski, M. Wang, C. Schulze-Briese, Radiation damage in room-
temperature data acquisition with the PILATUS 6M pixel detector. J. Synchrotron Radiat. 18, 318—
328 (2011).

44. M. Warkentin, et al., Global radiation damage: temperature dependence, time dependence and
how to outrun it. J. Synchrotron Radiat. 20, 7-13 (2013).

45. W. P. Burmeister, Structural changes in a cryo-cooled protein crystal owing to radiation damage.
Acta Crystallogr. D Biol. Crystallogr. 56, 328—-341 (2000).

46. E. Fioravanti, F. M. D. Vellieux, P. Amara, D. Madern, M. Weik, Specific radiation damage to acidic

residues and its relation to their chemical and structural environment. J. Synchrotron Radiat. 14,
84-91 (2007).

27


https://doi.org/10.1101/2021.06.27.450091
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.27.450091; this version posted June 28, 2021. 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-ND 4.0 International license.

47. M. Weik, et al., Specific chemical and structural damage to proteins produced by synchrotron
radiation. Proc. Natl. Acad. Sci. 97, 623-628 (2000).

48. G. Gotthard, et al., Specific radiation damage is a lesser concern at room temperature. I[UCrJ 6,
665-680 (2019).

49. V. Adam, et al., Structural Basis of X-ray-Induced Transient Photobleaching in a Photoactivatable
Green Fluorescent Protein. J. Am. Chem. Soc. 131, 18063—-18065 (2009).

50. R. Kort, K. J. Hellingwerf, R. B. G. Ravelli, Initial events in the photocycle of photoactive yellow
protein. J. Biol. Chem. 279, 26417-26424 (2004).

51. H.K. Leiros, S. M. McSweeney, A. O. Smalas, Atomic resolution structures of trypsin provide insight
into structural radiation damage. Acta Crystallogr. D Biol. Crystallogr. 57, 488—497 (2001).

52. Y. Matsui, et al., Specific damage induced by X-ray radiation and structural changes in the primary
photoreaction of bacteriorhodopsin. J. Mol. Biol. 324, 469—-481 (2002).

53. R.B. Ravelli, S. M. McSweeney, The “fingerprint” that X-rays can leave on structures. Struct. Lond.
Engl. 1993 8, 315—-328 (2000).

54. B. Sjoblom, M. Polentarutti, K. Djinovi¢-Carugo, Structural study of X-ray induced activation of
carbonic anhydrase. Proc. Natl. Acad. Sci. 106, 10609-10613 (2009).

55. H.Taberman, C.S. Bury, M. J. van der Woerd, E. H. Snell, E. F. Garman, Structural knowledge or X-
ray damage? A case study on xylose isomerase illustrating both. J. Synchrotron Radiat. 26, 931-944
(2019).

56. K. Henzler-Wildman, D. Kern, Dynamic personalities of proteins. Nature 450, 964—972 (2007).

57. J. P.Klinman, Dynamically Achieved Active Site Precision in Enzyme Catalysis. Acc. Chem. Res. 48,
449-456 (2015).

58. R.Otten, et al., How directed evolution reshapes the energy landscape in an enzyme to boost
catalysis. Science 370, 1442-1446 (2020).

59. R.L.Owen, E. Rudifio-Pifiera, E. F. Garman, Experimental determination of the radiation dose limit
for cryocooled protein crystals. Proc. Natl. Acad. Sci. 103, 4912-4917 (2006).

60. R.Henderson, Cryo-protection of protein crystals against radiation damage in electron and X-ray
diffraction. Proc. R. Soc. Lond. B Biol. Sci. 241, 6—8 (1990).

61. T.Teng, K. Moffat, Primary radiation damage of protein crystals by an intense synchrotron X-ray
beam. J. Synchrotron Radiat. 7, 313-317 (2000).

62. T.Masuda, et al., Atomic resolution structure of serine protease proteinase K at ambient
temperature. Sci. Rep. 7, 45604 (2017).

28


https://doi.org/10.1101/2021.06.27.450091
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.27.450091; this version posted June 28, 2021. 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-ND 4.0 International license.

63. R.F.Alford, et al., The Rosetta All-Atom Energy Function for Macromolecular Modeling and
Design. J. Chem. Theory Comput. 13, 3031-3048 (2017).

64. G. ). Bartlett, R. W. Newberry, B. VanVeller, R. T. Raines, D. N. Woolfson, Interplay of Hydrogen
Bonds and n ->m* Interactions in Proteins. J. Am. Chem. Soc. 135, 18682-18688 (2013).

65. J. M. Berg, et al., Biochemistry, 5th Ed. (W H Freeman, 2002).
66. A. Fersht, Enzyme Structure and Mechanism (W.H. Freeman, 1985).
67. D. Herschlag, M. M. Pinney, Hydrogen Bonds: Simple after All? Biochemistry 57, 3338-3352 (2018).

68. G. A. Jeffrey, W. Saenger, Hydrogen Bonding in Biological Structures (Springer-Verlag, 1991) (July
16, 2019).

69. M. Merski, J. Skrzeczkowski, J. K. Roth, M. W. Gdrna, A Geometric Definition of Short to Medium
Range Hydrogen-Mediated Interactions in Proteins. Molecules 25, 5326 (2020).

70. A.V.Morozov, T. Kortemme, K. Tsemekhman, D. Baker, Close agreement between the orientation
dependence of hydrogen bonds observed in protein structures and quantum mechanical
calculations. Proc. Natl. Acad. Sci. 101, 6946—6951 (2004).

71. A.V.Morozov, T. Kortemme, “Potential Functions for Hydrogen Bonds in Protein Structure
Prediction and Design” in Advances in Protein Chemistry, Peptide Solvation and HBonds.,
(Academic Press, 2005), pp. 1-38.

72. L. Pauling, Molecular Architecture and Biological Reactions. Chem. Eng. News 24, 1375-1377
(1946).

73. D.D. Boehr, D. McElheny, H. J. Dyson, P. E. Wright, The Dynamic Energy Landscape of
Dihydrofolate Reductase Catalysis. Science 313, 1638-1642 (2006).

74. ). P.Klinman, Importance of Protein Dynamics during Enzymatic C—H Bond Cleavage Catalysis.
Biochemistry 52, 2068-2077 (2013).

75. M. Warkentin, H. J.b, T. R.e, Badeau, Spatial distribution of radiation damage to crystalline proteins
at 25—-300 K. Acta Crystallogr. Sect. D 68, 1108-1117 (2012).

76. E.dela Mora, et al., Radiation damage and dose limits in serial synchrotron crystallography at
cryo- and room temperatures. Proc. Natl. Acad. Sci. U. S. A. 117, 4142-4151 (2020).

77. T.L. Blundell, L. N. Johnson, Protein Crystallography (Academic Press, 1976).

78. D. A. Keedy, Journey to the center of the protein: allostery from multitemperature multiconformer
X-ray crystallography. Acta Crystallogr. Sect. Struct. Biol. 75, 123—137 (2019).

79. D.Ringe, G. A. Petsko, The “glass transition” in protein dynamics: what it is, why it occurs, and how
to exploit it. Biophys. Chem. 105, 667—-680 (2003).

29


https://doi.org/10.1101/2021.06.27.450091
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.27.450091; this version posted June 28, 2021. 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-ND 4.0 International license.

80. R.F.Tilton, J. C. Dewan, G. A. Petsko, Effects of temperature on protein structure and dynamics: X-
ray crystallographic studies of the protein ribonuclease-A at nine different temperatures from 98
to 320 K. Biochemistry 31, 2469-2481 (1992).

81. P.Virtanen, et al., SciPy 1.0: fundamental algorithms for scientific computing in Python. Nat.
Methods 17, 261-272 (2020).

82. J.M.Word, S. C. Lovell, J. S. Richardson, D. C. Richardson, Asparagine and glutamine: using

hydrogen atom contacts in the choice of side-chain amide orientation. J. Mol. Biol. 285, 1735-1747
(1999).

30


https://doi.org/10.1101/2021.06.27.450091
http://creativecommons.org/licenses/by-nc-nd/4.0/

