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Single-wavelength anomalous diffraction (SAD) is a routine method for

overcoming the phase problem when solving macromolecular structures. This

technique requires the accurate measurement of intensities to determine

differences between Bijvoet pairs. Although SAD experiments are commonly

conducted at cryogenic temperatures to mitigate the effects of radiation damage,

such temperatures can alter the conformational ensemble of the protein and

may impede the merging of data from multiple crystals due to non-uniform

freezing. Here, a strategy is presented to obtain high-quality data from room-

temperature, single-crystal experiments. To illustrate the strengths of this

approach, native SAD phasing at 6.55 keV was used to solve four structures of

three model systems at 295 K. The resulting data sets allow automatic phasing

and model building, and reveal alternate conformations that reflect the structure

of proteins at room temperature.

1. Introduction

X-ray crystallography is the predominant experimental tech-

nique for determining the structures of macromolecules at

atomic resolution. This method reconstructs the electron

density of a crystal from measurements of the relative inten-

sities of scattered X-rays, enabling researchers to build a

model with atomic detail. Although the intensities of the

scattered X-rays determine the amplitude of the diffracted

waves, the phases of these waves are needed to reconstruct the

electron density (Taylor, 2010). For the structures of novel

macromolecules, this problem is often overcome using the

resonance phenomenon of anomalous scattering, with single-

wavelength anomalous diffraction (SAD) being the method of

choice for the de novo phasing of macromolecular structures

(Hendrickson, 2014; Liu & Hendrickson, 2017).

SAD phasing relies on the accurate measurement of the

differences between Bijvoet pairs of reflections. An especially

challenging case is native SAD phasing, which uses the weak

anomalous scattering from low-Z atoms of the macromolecule

or the crystallization conditions. Although the first de novo

SAD structure used the anomalous scattering from native S

atoms (Hendrickson & Teeter, 1981), structures solved using

native SAD phasing still constitute a small fraction of those

deposited in the Protein Data Bank (Rose et al., 2015).

High-redundancy data-collection strategies improve the

accurate determination of Bijvoet differences and therefore

increase the chance of successful phasing by the SAD method

(Dauter & Adamiak, 2001; Liu et al., 2012; Weinert et al.,

2015). However, cryogenic temperatures are typically used to

mitigate the resulting risk of radiation damage (Hope, 1988;
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Pflugrath, 2015). Since the first successful S-SAD experiment

(Hendrickson & Teeter, 1981), native SAD experiments have

nearly exclusively been reported under cryogenic conditions

or from serial crystallography applications (Nakane et al.,

2015; Huang et al., 2015).

Cryocooling can alter the ensemble of conformations in a

crystal (Keedy et al., 2014) and can limit the merging of

multiple crystals due to imperfect isomorphism (Giordano et

al., 2012). Accordingly, room-temperature X-ray crystallo-

graphy is undergoing a resurgence in order to better probe the

dynamics of protein structures at physiologically relevant

temperatures (Fraser et al., 2009, 2011; Doukov et al., 2020).

Here, we demonstrate native SAD phasing from single crystals

at room temperature. We present four structures of three

different model enzymes, which we solved by automatic SAD

phasing and model building. The structures exhibit alternate

conformations that reflect the structural heterogeneity of the

crystals, and in one case the anomalous difference map iden-

tifies alternative coordination sites for manganese ions. Our

high-redundancy data-collection strategy can be implemented

at many macromolecular beamlines and enables native SAD

phasing from single-crystal experiments at room temperature.

2. Materials and methods

2.1. Protein purification and crystallization

2.1.1. Hen egg-white lysozyme. We dissolved lyophilized

hen egg-white lysozyme (HEWL; Sigma–Aldrich) in de-

ionized water to concentrations of 15–30 mg ml�1. Using the

hanging-drop vapor-diffusion method, we grew tetragonal

lysozyme crystals using a well solution composed of 50 mM

sodium citrate buffer pH 5.2–5.8, 20–25% glycerol, 20–25%

PEG 4000. We set up drops consisting of 2 ml protein solution

and 2 ml well solution over 0.5 ml wells and stored the crys-

tallization plates at ambient temperature (approximately

22�C). Tetragonal lysozyme crystals (0.2–0.5 mm) grew after

3–7 days and could diffract to 1.2 Å resolution. The crystal

used for data collection was approximately 0.3� 0.3� 0.1 mm

in size.

2.1.2. Escherichia coli dihydrofolate reductase. We

expressed wild-type E. coli dihydrofolate reductase (DHFR)

from a pET-22b vector generously provided by the laboratory

of James Fraser at UCSF (Keedy et al., 2014; Cameron &

Benkovic, 1997). We transformed E. coli BL21(DE3) cells

(Novagen) with the plasmid and grew overnight cultures in

lysogeny broth (LB) with ampicillin. We diluted the overnight

cultures 1:100 in 2 l Terrific broth (TB) with ampicillin, and

grew the diluted cultures to an optical density of 0.6–0.8 at

600 nm. When the cultures reached the mid-log phase,

we added isopropyl �-d-1-thiogalactopyranoside (IPTG;

Invitrogen) to a final concentration of 1 mM, inducing DHFR

expression. After 4–8 h of expression, we harvested the cells

by centrifugation, flash-cooled the resulting cell pellets in

liquid nitrogen and stored them at �80�C until purification.

We based our DHFR purification protocol on the thesis of

Michael Sawaya (Sawaya, 1994). Briefly, we thawed, resus-

pended and lysed the cell pellets by sonication. We removed

the cell debris by centrifugation and then used streptomycin

precipitation to remove nucleotides from the supernatant. We

further purified the protein fraction by ammonium sulfate

precipitation at 40% saturation. The supernatant was retained

and subjected to additional ammonium sulfate precipitation at

90% saturation. The pellet was resuspended and DHFR was

isolated by methotrexate-affinity chromatography using

methotrexate–agarose (Sigma–Aldrich) followed by anion-

exchange chromatography using a HiPrep Q FF column

(Cytiva). We then pooled and concentrated the eluted protein.

To minimize nucleotide contamination, we only pooled frac-

tions that had an A280/A260 of >1.7 based on an absorbance

reading with a NanoDrop spectrophotometer (Thermo Fisher

Scientific). Finally, we exchanged the purified protein into

10 mM HEPES buffer pH 7.0 containing 1 mM dithiothreitol

(DTT) using an Amicon centrifugal concentrator (Millipore-

Sigma), flash-cooled aliquots in liquid nitrogen and stored

them at �80�C.
DHFR complexed with NADP+ and folate is a commonly

used model of the Michaelis complex of the enzyme (Sawaya

& Kraut, 1997). We mixed 20 mg ml�1 DHFR with a threefold

molar excess of NADP+ and folate in 20 mM imidazole pH 7.0

with 2 mM DTT and then incubated the mixture on ice for

30 min. Based on the conditions of Keedy et al. (2014), we

crystallized the complex using the sitting-drop vapor-diffusion

method with a well solution composed of 20 mM imidazole pH

5.4–5.8, 125 mM manganese(II) chloride, 16–21%(v/v) PEG

400. The drops consisted of 0.2 ml 7–14 mg ml�1 protein

solution and 0.2 ml well solution, producing rod-shaped crys-

tals (approximately 0.1 � 0.3–1 mm) after 2–4 weeks of

incubation at 4�C that could diffract to 1.1 Å resolution. The

crystal used for data collection was approximately 0.1 �
0.1 mm along the short axes and 0.5 mm along the long axis.

2.1.3. Human protein tyrosine phosphatase 1B. Human

protein tyrosine phosphatase 1B (PTP1B) experiments used a

construct containing residues 1–321 with a C32S/C92V double

mutation (Erlanson et al., 2003). We expressed PTP1B from a

pET-24b vector with a kanamycin-resistance gene, which was

generously provided by the laboratory of James Fraser at

UCSF. We expressed and purified PTP1B following published

methods (Keedy et al., 2018) with minor modifications. Briefly,

we transformed E. coli Rosetta(DE3) cells (Novagen) with

the PTP1B plasmid and grew overnight cultures in LB with

kanamycin and chloramphenicol. We diluted the overnight

cultures 1:1000 in 2 l TB with kanamycin and chlor-

amphenicol. We incubated the final cultures at 37�C and grew

them to an optical density of 0.6–0.8 at 600 nm. When the

cultures reached the mid-log phase, we added IPTG (Invi-

trogen) to a final concentration of 1 mM, inducing PTP1B

expression, and incubated them at 20�C for 12–18 h. We

harvested the cells by centrifugation, flash-cooled the resulting

cell pellets in liquid nitrogen and stored them at �80�C until

purification.

We thawed the cell pellets, resuspended them in lysis buffer

and lysed the cells by sonication. Cell debris was cleared by

centrifugation and syringe filtration through a 0.45 mm filter.
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We purified PTP1B by cation-exchange chromatography using

a HiPrep SP FF column (Cytiva). We pooled the PTP1B

fractions from the elution, concentrated them using an

Amicon centrifugal concentrator (MilliporeSigma) and

further purified PTP1B by size-exclusion chromatography on

a HiLoad Superdex 75 column (Cytiva) using a buffer

consisting of 10 mM Tris pH 7.5 with 25 mM NaCl and 0.2 mM

EDTA. The protein was concentrated using an Amicon

centrifugal concentrator (MilliporeSigma) and was stored at

�80�C until crystallization. To avoid oxidation of the catalytic

Cys215 (van Montfort et al., 2003), we added fresh DTT

(1–3 mM) to each buffer that was used during purification.

Before crystallization, we diluted PTP1B to 10–15 mg ml�1

using protein storage buffer. For the TCS401-bound complex,

we added a 25 mM stock of TCS401 (Tocris Bioscience)

dissolved in DMSO to the protein solution to a fivefold molar

excess and incubated it on ice for at least 30 min. We crys-

tallized both apo and TCS401-bound PTP1B by the hanging-

drop vapor-diffusion method using a well solution composed

of 100 mM HEPES pH 6.8–7.6 with 250 mM magnesium

acetate, 11–15%(w/v) PEG 8000, 10%(v/v) glycerol, 6%(v/v)

ethanol and 0.1%(v/v) �-mercaptoethanol. Drops were set up

by mixing 1 ml protein solution and 1 ml well solution over

0.5 ml wells. Crystallization plates were incubated at 4�C and

rod-shaped crystals with hexagonal faces grew to 0.2–1 mm

after 1–2 weeks that could diffract to 1.7 Å resolution. The

crystals used for data collection were approximately 0.1 �
0.1 mm along the short axes and 0.5 mm along the long axis.

2.2. Data collection

We collected the data sets presented in this work on the

Northeastern Collaborative Access Team (NE-CAT) beam-

line 24-ID-C at the Advanced Photon Source, Argonne

National Laboratory on 17 July 2019. We looped all crystals

on-site using the MicroRT system (MiTeGen) for room-

temperature data collection and conducted the diffraction

experiments at ambient temperature, which was measured to

be approximately 295 K. We used a beam energy of 6.55 keV

to maximize the native anomalous scattering contribution

within the energy range of the beamline, corresponding to

anomalous scattering factors, f 00, of 3.95, 0.63 and 0.80 e� for

manganese, phosphorus and sulfur, respectively (Cromer &

Liberman, 1981; Brennan & Cowan, 1992).

To obtain high-redundancy data sets while minimizing

radiation damage, we collected 1440-image passes (720�) from
each crystal with an exposure time of 0.1 s and an oscillation

angle of 0.5�. The incident X-ray intensity was attenuated to

0.2% transmission, corresponding to an estimated flux of

9.6 � 109 photons s�1. To distribute the dosage across the

crystal volume, we used a beam size of approximately 5 �
30 mm (FWHM) that was collimated using a 100 mm aperture,

and we used helical acquisition to continually translate along

the crystal. The PILATUS 6M-F detector (Dectris) has

2463� 2527 pixels and was positioned at the minimal distance

of 150 mm. Due to the long wavelength used, the resolution

was limited by the experimental geometry rather than the

crystal quality for each sample. To obtain the highest resolu-

tion data that were accessible, we raised the detector by two

panels during data collection. We used this experimental

geometry for both passes on HEWL, both passes on PTP1B in

complex with TCS401 and both crystals of apo PTP1B. For

DHFR, we collected the first pass with a centered detector and

the following two passes with a raised detector to record

higher resolution reflections.

2.3. Data reduction, SAD phasing and structure refinement

We processed each pass from each crystal using DIALS

(Winter et al., 2018). Due to the raised detector geometry, we

set the beam center to (290.5, 225.2) and used a pixel mask to

remove a shadow cast by the beamstop support. Our images

contain leakage from a higher energy undulator harmonic.

Therefore, we excluded strong reflections lower than 6 Å in

resolution during indexing to avoid Bragg reflections from the

secondary diffraction pattern originating from the harmonic.

To index each pass on the PTP1B crystals, we used local index

assignment (index.assignment.method=local), which

significantly improved the percentage of indexed strong

reflections by tolerating small amounts of crystal drift during

the helical acquisition. This index-assignment algorithm is

comparable to that used by XDS (Kabsch, 2010). After inte-

gration, we scaled and merged the multiple passes for each

crystal using AIMLESS (Evans & Murshudov, 2013). For apo

PTP1B, we scaled and merged one pass each from two

different crystals, which we found to be necessary to improve

the anomalous signal for SAD phasing. For the PTP1B–

TCS401 complex, we excluded the last 360 frames from the

second pass due to weaker diffraction.

We solved each structure by SAD phasing using default

settings in AutoSol (Terwilliger et al., 2009) in Phenix (Adams

et al., 2010; Liebschner et al., 2019). We used sulfur as the

anomalous scattering element for HEWL and PTP1B, and we

specified manganese, phosphorus and sulfur as the anomalous

scattering elements for DHFR.We successfully phased all data

sets using this approach without additional intervention and

constructed initial models for HEWL, DHFR and TCS401-

bound PTP1B using AutoBuild (Terwilliger et al., 2008). We

further refined these models by cycles of automated refine-

ment with phenix.refine and manual model building in Coot

(Emsley et al., 2010). Due to the extensive alternate confor-

mations in the apo PTP1B electron density, we used the

TCS401-bound model to initialize the apo model. We manu-

ally built the open state of theWPD loop (residues 176–193) in

Coot and used group occupancies in phenix.refine to constrain

mutually exclusive conformations to sum to full occupancy.

2.4. Assessing the impact of redundancy on CCanom

To characterize the effect of high-redundancy data collec-

tion, we scaled and merged each of the four data sets with

increasing numbers of consecutive frames in AIMLESS

(Evans & Murshudov, 2013). We computed half-data-set

correlation coefficients of the anomalous differences (CCanom)

for different numbers of frames using reciprocalspaceship
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(Greisman et al., 2021) to implement repeated twofold cross-

validation. With this, we determined the mean and standard

deviations of the CCanom by resolution bin for the HEWL

S-SAD data set.

2.5. Assessing the impact of redundancy on real-space
anomalous signal

We computed anomalous difference maps for the data sets

with increasing numbers of frames using the phases from the

refined models, and determined anomalous peak heights using

phenix.find_peaks_and_holes (Adams et al., 2010; Liebschner

et al., 2019). To analyze the anomalous peak height as a

function of redundancy, we note that Terwilliger and cowor-

kers derived an expression relating the expected anomalous

difference map peak height for a SAD experiment, hSobsanoi, to
the useful anomalous correlation of the data set, CCano

(Terwilliger et al., 2016a),

hSobsanoi ’ CCano

Nrefl

nsitesfB

� �1=2

; ð1Þ

where Nrefl is the number of unique reflections in the reci-

procal asymmetric unit cell, nsites is the number of sites in the

anomalous substructure and fB is an average B-factor-

modified anomalous atomic scattering factor. In turn, they

derive CCano in terms of a normalized variance, E2 (Terwilliger

et al., 2016a),

CCano ’
1

ð1þ E2Þ1=2 : ð2Þ

The normalized variance consists of the sum of anomalous

contributions from other scatterers (for example C, N and O

atoms in the protein and solvent contributions), systematic

errors resulting from experimental and data-reduction

imperfections not adequately compensated for in scaling, and

random measurement errors. This sum is normalized by the

useful anomalous signal (Terwilliger et al., 2016a). The

variance of the measurement errors is inversely proportional

to the redundancy of observations, N, such that we can

combine (1) and (2) to explicitly account for the redundancy,

yielding the following functional form

hSobsanoi ’
a

ð1þ b=NÞ1=2 ; ð3Þ

where a is a coefficient representing the maximum achievable

anomalous peak height and b is the variance of the

measurement error relative to the sum of the variances of

anomalous signal (useful and other) and of systematic errors.

More pragmatically, b is the redundancy at which CCano

reaches 71% [(1/2)1/2] of its maximal value. N is the average

redundancy (or, equivalently, the number of frames).

For each of the data sets, we fit the anomalous peak height

of each site, s, as a function of number of frames, Nn, by

minimizing the following least-squares objective function,

based on (3), with the Levenberg–Marquardt algorithm

implemented in SciPy (Virtanen et al., 2020),

L ¼ P
s

P
n

ys;n �
as

1þ b=Nnð Þ1=2
� �2

ð4Þ

where ys, n is the anomalous peak height of site s with Nn

frames, as is a fitting parameter representing the maximal peak

height for site s and b is a global fitting parameter for the data

set. We also define rescaled observations as ŷys;n ¼ 100ys;n=as
corresponding to the percentage of the maximum attainable

anomalous peak height, as, that was fitted for each site. This

procedure ensures that the anomalous peak heights are on

comparable scales among sites, and the rescaled data were

compared with the normalized model given by y = 100/

(1+ b/N)1/2.

3. Results

3.1. Native SAD phasing of model systems at 295 K

Native SAD phasing is commonly used as a benchmark for

the accuracy of new data-collection strategies and technolo-

gies (Liu et al., 2012; Nakane et al., 2015; Weinert et al., 2015;

Wagner et al., 2016; Guo et al., 2019). Here, we used native

SAD to solve four structures of three model systems at room

temperature (295 K). Previous work by Weinert and cowor-

kers demonstrated high-redundancy data collection from

single-crystal diffraction at 6 keV and at cryogenic tempera-

tures (Weinert et al., 2015; Basu et al., 2019). The data-

collection strategy presented here for native SAD phasing at

room temperature differs from their approach in several ways.

They used a multi-axis goniometer to collect data at multiple

sample orientations, while we instead continually translated

along the crystals to distribute the X-ray dose across the

crystal volume. In addition, Weinert and coworkers used fine

’-slicing to improve their data quality. Fine ’-slicing is most

effective when the rotation angle is comparable to half the

crystal mosaicity (Mueller et al., 2012), which in our experi-

ence is often not possible with room-temperature crystals due

to their low mosaicity (0.02–0.04�; Table 1).

Data were collected at 6.55 keV to maximize the anomalous

scattering signal within the accessible spectrum of the APS

24-ID-C beamline. Each of the following structures was solved

from multiple 1440-image (720�) passes on a single crystal,

except for apo PTP1B, which was solved from passes collected

from two different crystals. The data-collection statistics for

these four data sets are presented in Table 1. These data sets

have high redundancy (26–35� overall) for room-temperature,

single-crystal experiments. The resolution was limited by the

experimental geometry due to the long wavelength, leading to

high mean I/�(I) and CC1/2 values and low completeness in the

high-resolution bins. Using RADDOSE-3D with our beam

and crystal parameters, we determined that this strategy

corresponds to an average diffraction-weighted dose of

approximately 40 kGy per 360� of data collection or to a

maximum dose (comparable metric to RADDOSE v2) of

0.5 MGy per 360� (Zeldin et al., 2013; Bury et al., 2018). This

estimated dose is consistent with the method reported by

Weinert et al. (2015), and the relative image B factors fitted by
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AIMLESS suggest that radiation damage did not significantly

impact data reduction (Evans & Murshudov, 2013). The esti-

mated dose per crystal is given in Table 1.

The structure of HEWL was phased using the anomalous

scattering from the ten S atoms in the protein, and the

anomalous difference map shows clear density for the four

disulfide bonds and two methionine residues in the model

(Fig. 1a). The Michaelis complex of DHFR was solved using

the anomalous scattering from the manganese ions in the

crystallization solution. The refined model includes five

ordered Mn2+ ions, which were supported by the anomalous

difference map (Fig. 1b). Significant anomalous density (>5�)
is also present for the three P atoms in NADP+ and six of the

seven sulfur-containing side chains. PTP1B was phased by

S-SAD in an apo state and in complex with the active-site

inhibitor TCS401 (Iversen et al., 2000). 13 of 15 sulfur sites

were resolved in the anomalous difference map of apo PTP1B

at 5� (Fig. 1c), and 15 of 16 sulfur sites can be seen in the

corresponding map of the PTP1B–TCS401 complex (Fig. 1d).

In each of these structures, the missing sulfur-containing side

chains belonged to methionine residues with weak density at

or near the N-terminus. The refinement statistics for the model

systems are summarized in Table 1, and the peak heights from

the model-phased anomalous difference maps are presented

in Supplementary Tables S1–S4.

3.2. High-redundancy data collection improves the
anomalous signal

To assess the impact of redundancy on anomalous signal, we

reprocessed the HEWL S-SAD data set with increasing

numbers of diffraction images. The HEWL data set shows an
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Table 1
Data-collection and refinement statistics.

HEWL DHFR Apo PTP1B PTP1B–TCS401

PDB code 7l84 7lvc 7rin 7mm1
Anomalous scatterers S Mn, P, S S S
Data collection
No. of crystals 1 1 2 1
Passes per crystal 2 3 1 2
Rotation (�) 1440 2160 1440 1440
Wavelength (Å) 1.892 1.892 1.892 1.892
Space group P43212 P212121 P3121 P3121
a, b, c (Å) 79.3, 79.3, 37.8 34.3, 45.6, 99.0 89.5, 89.5, 106.1 89.3, 89.3, 105.7
�, �, � (�) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0
Dose per crystal† (kGy) 160 230 80 150
Resolution (Å) 39.67–1.71 (1.77–1.71) 49.52–1.71 (1.77–1.71) 62.61–1.85 (1.92–1.85) 62.44–1.85 (1.92–1.85)
Total observations 816788 (4492) 823003 (3254) 2413974 (111538) 2098115 (96817)
Unique observations 22855 (767) 27967 (720) 81017 (7932) 79832 (7532)
Multiplicity 35.7 (5.9) 29.4 (4.5) 29.8 (14.1) 26.3 (12.9)
Completeness (%) 90.74 (30.45) 85.52 (22.11) 99.68 (97.30) 99.00 (93.15)
Mean I/�(I) 35.63 (6.70) 30.18 (4.42) 15.29 (1.77) 16.60 (2.21)
Rmerge 0.102 (0.189) 0.101 (0.223) 0.143 (1.466) 0.138 (1.748)
Rp.i.m. 0.015 (0.084) 0.017 (0.114) 0.024 (0.398) 0.026 (0.493)
CC1/2 0.999 (0.968) 0.998 (0.945) 0.999 (0.610) 0.999 (0.675)
Mosaicity (�) 0.021 � 0.0002 0.016 � 0.0030 0.043, 0.019 0.023 � 0.0044

Phasing
Figure of merit‡ 0.47 0.49 0.25 0.27

Refinement
Rwork (%) 14.0 13.9 13.2 12.9
Rfree (%) 16.2 17.2 15.4 13.9
No. of non-H atoms
Total 1209 1588 3024 2793
Macromolecules 1112 1396 2840 2592
Ligands 0 80 24 18
Water 97 107 160 159

No. of protein residues 129 159 298 298
R.m.s. deviations
Bond lengths (Å) 0.008 0.009 0.010 0.010
Angles (�) 0.91 1.19 1.02 1.04

Wilson B factor (Å2) 17.21 12.78 29.56 25.49
Average B factor (Å2)
Overall 20.12 16.83 43.45 34.16
Macromolecules 19.00 16.07 42.72 33.39
Ligands — 13.65 70.00 21.85
Water 32.97 28.21 52.56 44.47

Clashscore 0.45 1.74 2.98 3.05
Ramachandran plot
Favored (%) 100.0 99.35 97.64 98.31
Allowed (%) 0.0 0.65 2.03 1.35
Outliers (%) 0.0 0.0 0.34 0.34

† Average diffraction-weighted dose from RADDOSE-3D (Zeldin et al., 2013; Bury et al., 2018). ‡ Reported after experimental phasing by AutoSol (Terwilliger et al., 2009).
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improvement in the correlation coefficient of anomalous

differences across half-data sets with increasing frame counts

(Fig. 2a). This is consistent with the expectation that the signal

to noise of merged intensities should improve with redun-

dancy (Dauter & Adamiak, 2001; Hendrickson, 2014).

Furthermore, we were only able to phase the HEWL structure

by the SAD method with a minimum of 720 frames. The

figures of merit of the solutions improved monotonically with

additional frames (Supplementary Table S5). This is in line

with the expectation that the likelihood of successful phasing

with the SAD method correlates with CCanom (Terwilliger et

al., 2016b).

In the model-phased anomalous difference maps, the mean

peak height of the S atoms approaches an asymptote with

increasing redundancy (Fig. 2b). The model (equation 3)

derived from the analysis of anomalous signal described by

Terwilliger et al. (2016a) provides an excellent fit to the

observed anomalous peak heights as a function of the number

of frames. The fit yields b = 751 � 76, which corresponds to

89% of the maximum achievable anomalous signal for a 2878-

frame data set at this completeness and resolution. This

suggests that additional observations should have limited

impact on the anomalous signal of this data set. A close

correspondence between the model (equation 3) and
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Figure 1
High-redundancy data collection enables room-temperature, native SAD phasing of model systems. SAD solution structures for (a) hen egg-white
lysozyme, (b) a model of the E. coli dihydrofolate reductase Michaelis complex, (c) apo human protein tyrosine phosphatase 1B and (d) TCS401-bound
human protein tyrosine phosphatase 1B are shown with their respective anomalous difference maps (purple mesh). The maps in (a), (c) and (d) are
contoured at 5� and shown within 2 Å of modeled atoms. The DHFR anomalous difference map in (b) is contoured at 6� and shown within 8 Å of
modeled atoms due to the additional anomalous signal from partial occupancy manganese sites at crystal contacts. Images were rendered using PyMOL
(version 2.4; Schrödinger).
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Figure 3
Anomalous differences in a model of the DHFRMichaelis complex highlight active-site residues and partial occupancy ions. (a) The active site of DHFR
is shown with NADP+ and folate, a substrate mimetic, in light blue and green, respectively, with nearby methionine residues shown in gray. The 2Fo � Fc
map is displayed in blue at 1.2� within 1.5 Å of the shown atoms. Density for the S atoms of methionine residues and the P atoms of NADP+ can be seen
in the anomalous difference map (purple mesh; 5�). (b) Multiple partial occupancy manganese sites are supported by the anomalous difference map
(purple mesh; 5�) around a phosphate group of NADP+. Only one of these sites was modeled as a manganese based on density in the 2Fo� Fc map (blue
mesh; 1.5�). The 2Fo� Fc map is displayed within 2 Å of the shown atoms and the anomalous difference map is shown within 8 Å of the P atom. Contact
distances of less than 3.0 Å to manganese sites are shown as black dashed lines. Images were rendered using PyMOL (version 2.4; Schrödinger).

Figure 2
Redundancy improves the anomalous signal for a HEWL S-SAD data set. (a) Spearman correlation coefficient for anomalous differences, CCanom, from
repeated twofold cross-validation for data sets composed of increasing numbers of frames. Error bars denote the mean � standard deviation for ten
random partitions of the frames. (b) The mean anomalous peak heights for the ten S atoms in the asymmetric unit cell after refinement using merged
intensities for data sets with increasing numbers of frames (black; mean � standard deviation). The peak heights are on an absolute scale relative to the
maximal value that can be achieved. A nonlinear least-squares fit to the data is shown for y = 100/(1 + b/N)1/2 (red dashed line; b = 751 � 76; 95%
confidence interval).
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anomalous signal is also observed for the three additional

model systems used in this work (Supplementary Fig. S2).

3.3. DHFR anomalous differences highlight multiple
anomalous scattering elements

Although the DHFR data set was collected with the goal of

SAD phasing based on the manganese content from the

crystallization conditions, we observed additional anomalous

difference peaks corresponding to the native S atoms in the

protein and the P atoms of the NADP+ cofactor. The active

site of the refined model is shown in Fig. 3(a), which highlights

sulfur and phosphorus anomalous peaks. In addition to the

well ordered NADP+ cofactor, significant anomalous differ-

ences are seen for the catalytically important Met20 and

Met42 side chains. Mutations of Met42 significantly impact

hydride transfer in the enzyme (Wang et al., 2006), while

Met20 adopts multiple rotamers in high-resolution structures

of DHFR and plays a role both in hydride transfer and in

regulating solvent access to promote substrate protonation

(Sawaya & Kraut, 1997; Wan et al., 2014).

The anomalous difference map also contains significant

density (>5�) in regions that are not supported by strong

electron density in the 2Fo � Fc map (Fig. 3b). Although one

manganese site is strongly supported in the 2Fo � Fc map in

the vicinity of the phosphate group of NADP+, the additional

anomalous density can be best explained by partial occupancy

manganese sites around the phosphate. Each of these sites

involves close contacts (<3.0 Å) to protein side chains or the

phosphate group to support their coordination geometries;

however, the very close distances between manganese sites

(2–3 Å) suggest that occupancy at these sites is mutually

exclusive. This underscores that the anomalous difference

density represents an ensemble- and time-averaged view of

the region. The close vicinity of Asp11 from a neighboring

copy of DHFR also suggests that these sites are stabilized by
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Figure 4
Room-temperature structures of PTP1B exhibit extensive conformational heterogeneity. (a) At room temperature, apo PTP1B adopts a superposition of
the open and closed states of the WPD loop, which results in different positioning of important catalytic residues. (b) With a bound orthosteric inhibitor,
TCS401 (green), the WPD loop is only observed in the closed state. 2Fo� Fcmaps are shown as a blue mesh (0.5�) within 1.5 Å of the displayed residues.
(c) The Fapo � FTCS401 isomorphous difference map, phased using the apo model, illustrates the sites of the protein that differ on binding TCS401. The
difference map is contoured at +3.5� (blue) and�3.5� (red). The WPD loop is depicted in blue (open state) and red (closed state), and known allosteric
sites are labeled. Most of the structural changes that occur between WPD loop states are localized to one side of the central �-sheet of PTP1B. Images
were rendered using PyMOL (version 2.4; Schrödinger).
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crystal-packing interactions. The observation of these partial

occupancy binding sites highlights the accuracy and sensitivity

of these anomalous difference maps.

3.4. Room-temperature structures feature conformational
heterogeneity

An advantage of room-temperature data collection is that

the conformational ensemble of the macromolecule will be

better represented than at cryogenic temperatures (Doukov

et al., 2020; Fraser et al., 2011; Keedy et al., 2014). This is most

evident in our native SAD structure of apo PTP1B, which

shows a superposition of the open and closed states of the

catalytically important WPD loop (Fig. 4a). Our structure

refined to 61% open and 39% closed, which is consistent with

the multi-temperature refinement by Keedy and coworkers,

who obtained 65% open and 35% closed at 277 K (Keedy et

al., 2018). The small difference in refined occupancy may be

attributable to different refinement protocols, in particular

with regard to the partial occupancy waters in the vicinity of

the WPD loop. In the presence of TCS401, an orthosteric

inhibitor, the WPD loop fully occupies the closed state

(Fig. 4b). This is consistent with existing structures of PTP1B

in complex with the inhibitor (Iversen et al., 2000; Choy et al.,

2017).

Because the apo structure exhibits a superposition of WPD

loop states and the TCS401-bound complex fully populates

the closed state of the WPD loop, we can visualize the regions

that differ between the two WPD loop states using an

isomorphous difference map, |Fapo| � |FTCS401|. We used

SCALEIT (Winn et al., 2011; Howell & Smith, 1992) to place

the TCS401-bound data set on the same scale as the apo data

set, and we then computed an isomorphous difference map

using the phases from the apo model. The isomorphous

difference map is shown overlaid on the apo structure in

Fig. 4(c). The positive density (blue) highlights regions that are

associated with the open state of the WPD loop (stronger in

the apo data set) and the negative density (red) highlights

those associated with the closed state of the WPD loop

(stronger in the TCS401-bound data set). The isomorphous

difference map illustrates that the primary sites that undergo

structural changes between the two WPD loop states are

localized to one side of the central �-sheet of PTP1B.

Furthermore, strong difference density is observed in the

vicinity of previously identified allosteric sites such as the

benzbromarone binding site (BB site; Wiesmann et al., 2004),

L16 site (Keedy et al., 2018; Cui et al., 2017) and 197 site

(Keedy et al., 2018; Cui et al., 2017; Choy et al., 2017). The

observation of these widespread structural differences within

and between data sets illustrates a benefit of working near

physiological temperatures (Keedy et al., 2014) and suggests

that such experiments can be used to probe allosteric

mechanisms in protein structures.

4. Discussion

Native SAD phasing relies on the accurate measurement of

the small differences in intensity that arise due to anomalous

scattering. Although single- and multi-crystal strategies have

been presented for native SAD phasing at cryogenic

temperatures (Liu et al., 2012; Weinert et al., 2015; Wagner et

al., 2016; Guo et al., 2019; Basu et al., 2019; Cianci et al., 2019),

room-temperature native SAD phasing has nearly exclusively

been reported using serial crystallography experiments

(Nakane et al., 2015; Huang et al., 2015) since the first S-SAD

experiment in 1981 (Hendrickson & Teeter, 1981). Here, we

present a strategy for room-temperature data collection that

takes advantage of the capabilities of modern macromolecular

beamlines to obtain high-quality, high-redundancy X-ray

diffraction data sets. We used high attenuation and helical

acquisition to minimize the local X-ray dose while taking

advantage of the photon-counting, low-noise readout of the

pixel-array detectors that are in widespread use at macro-

molecular beamlines. The resulting data sets enabled auto-

matic phasing by the SAD method and the model-phased

anomalous difference maps clearly identify the sites of each

anomalous scattering atom (Fig. 1).

Although native SAD data sets collected at cryogenic

temperatures may exceed data redundancies of 100-fold

(Weinert et al., 2015), we observe that the model-phased

anomalous difference peaks plateau with increasing redun-

dancy (Fig. 2b and Supplementary Fig. S2). This is a practical

implication of equation (3) based on the analysis by Terwil-

liger et al. (2016a). For the crystals used here, additional

redundancy would have diminishing marginal improvement to

the anomalous signal. Consistent with this, the HEWL and

DHFR samples achieved approximately 90% of their

asymptotic anomalous peak heights with 1440� of data

collection.

The lower redundancy required for SAD phasing in these

crystals may be explained by a previous study that found

improved isomorphism in room-temperature samples (Keedy

et al., 2014). Importantly, this suggests that our methodology

will readily apply to multi-crystal approaches, which may be

an appealing way to achieve room-temperature measurements

with more radiation-sensitive crystals. This could be an

important application because multi-crystal approaches have

been successful for native SAD phasing from crystals that

diffract to more moderate resolutions (2.3–2.8 Å; Liu et al.,

2012); however, such efforts are commonly hindered by the

non-isomorphism that may result from cryocooling (Giordano

et al., 2012; Keedy et al., 2014). Although the crystals used in

this project were fairly large (0.2–0.5 mm in length) and did

not exhibit signs of radiation damage, the successful phasing of

apo PTP1B required the merging of data sets from two

different crystals, validating this use case. This should extend

our data-collection strategy to difficult-to-freeze samples or to

crystals of moderate size and resolution.

The model-phased anomalous difference map from DHFR

identified multiple anomalous scattering elements (Fig. 3a)

and allowed us to resolve partial occupancy sites for manga-

nese that were not evident in the 2Fo � Fc map (Fig. 3b). This

suggests that room-temperature data collection at low X-ray

energies may be a valuable approach for the study of metal-

coordination sites in proteins. Room-temperature anomalous
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signal may also be useful to study the binding poses of ligands

and drug fragments containing S, P and halogen atoms.

Furthermore, the room-temperature native SAD structures

contain significant conformational heterogeneity, as exempli-

fied by the superposition of loop states observed in apo

PTP1B (Fig. 4a). These features, and the resulting isomor-

phous difference maps (Fig. 4c), emphasize the accuracy and

sensitivity of the native SAD phasing results presented at

295 K. Since the high-redundancy strategy presented here can

be implemented at many macromolecular beamlines, this work

will support new investigations that use anomalous scattering

to study macromolecules at physiological temperatures.

5. Data availability

All diffraction images used in this work have been deposited

in SBGrid with SBGrid IDs 816, 821, 834 and 845. These

depositions contain the complete processing details for

DIALS, including the pixel mask that was used to exclude the

beam-stop shadow on the detector. The refined structures

presented here have been deposited in the Protein Data Bank

(Berman et al., 2000) with PDB codes 7l84, 7lvc, 7mm1 and

7rin. The integrated intensities from DIALS and the scaled

merged/unmerged data from AIMLESS have been uploaded

to Zenodo for each data set at the following DOIs:

https://doi.org/10.5281/zenodo.4426679, https://doi.org/10.5281/

zenodo.4637114, https://doi.org/10.5281/zenodo.4767996 and

https://doi.org/10.5281/zenodo.5544447.
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