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Advanced analysis
Atomistic modeling, shape reconstruction, and SEC-SAXS



SAXS reports average intensity of a mixture

2Steve Meisburger @ Ando Lab— CHESS HP Bio Workshop 2021

≅ +

≅ +In
te

ns
ity

q

Dilute limit, non-interacting



I[   ]=                  ~ N x I[   ] 
Advanced modeling requires monodispersity
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A monodisperse, dilute solution of N fish One fish
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Advanced modeling requires monodispersity*
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• MW estimates


• Guinier plot


• Concentration series


• Complementary biophysical methods
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*methods exist for modeling multiple structures simultaneously from mixtures, but must take extra care to avoid overfitting.



Two routes to monodispersity
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Batch mode In-line chromatography (SEC-SAXS)
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Advanced analysis  
(atomistic modeling, 
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Troubleshooting aggregation in batch mode
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Putnam, Hammel, Hura, & Tainer. Q Rev. Biophys. 2007



Advanced analysis overview

7Steve Meisburger @ Ando Lab— CHESS HP Bio Workshop 2021

1. Compare SAXS data with simulated scattering 
from atomic models


(CRYSOL, FoXS, …)


2. Ab-initio shape reconstruction


(DAMMIN, GASBOR, DENSS, …)


3. Hybrid techniques: docking, flexible fitting, 
ensemble modeling, MD simulation, …


(SASREF, GLOBSYMM, BUNCH, CORAL, …)



Compare SAXS data with simulated scattering from atomic models
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Candidate structure 
(PDB file) Scattering simulation 

(CRYSOL, FoXS, …)

Experimental SAXS 
profile

Fit

hydration layer
• X-ray crystallography

• Cryo-EM

• homology model

• molecular dynamics

Important: model must be complete (need to add missing loops, termini, his tags, etc)

the observed dAMP pocket and further supports the use of this
pocket to bind nucleoside di- and triphosphates (SI Appendix,
Fig. S8). The analysis indicates a second adjacent cavity that
could bind another nucleotide simultaneously, as has been ob-
served recently in one of the two cone domains of the class Ia
RNR from P. aeruginosa (9).

Apo-NrdE Is a Monomer, and Holo-NrdE Is Predominantly a Noncanonical
Dimer in Solution. To determine if the crystallographically observed
noncanonical dimer forms in solution, we employed SAXS, a
technique that is particularly well suited for deconvoluting mix-
tures of RNR oligomers (7, 8). Because apo- and holo-NrdE were
found to be separable by AEX chromatography (SI Appendix, Fig.
S3), a 15-μM sample of aiNrdE was loaded onto an in-line
MonoQ column and eluted directly into the X-ray path with a
linear gradient of 100- to 500-mM NaCl at pH 7.6. Scattering
images were collected continuously over the course of the elution
to generate a 3D dataset with two major peaks corresponding to
the apo- and holo-NrdE fractions (Fig. 7A), similar to those seen
in the UV chromatogram described earlier (SI Appendix, Fig.
S3A). The AEX–SAXS dataset was then mathematically decom-
posed as a linear combination of four distinct scattering compo-
nents, each with an elution profile and SAXS curve, using a
regularized alternating least-squares (ALS) method developed in-
house (SI Appendix, Fig. S9). Mathematical decomposition by
ALS was previously introduced in the context of size-exclusion
chromatography (SEC) SAXS, where the sequential nature of
elution affords a straightforward means to identify where indi-
vidual peaks begin and end (34). In the context of AEX–SAXS,
however, the background scattering varies in a complex manner
throughout the chromatogram due to the NaCl gradient, compli-
cating analysis. To decompose the AEX–SAXS data, we added
smoothness regularization to the ALS method, so that background
components could be forced (by selection of a large Lagrange
multiplier) to vary monotonically during elution. With this ap-
proach, we found that the dataset could be represented by two
background components and two partly overlapping peaks (SI
Appendix, Fig. S9A). Although subtraction of the variable scatter-
ing from a salt gradient has been reported for ion exchange-
coupled SAXS using a reference measurement (35), the regular-
ized decomposition of AEX–SAXS data we present here represents
a mathematical approach to background separation.
Decomposition of the AEX–SAXS data by regularized ALS

reveals the sequential elution of two protein components (SI
Appendix, Fig. S9A). The elution of apo-NrdE corresponds to
that of the first component, which was found to have a radius of
gyration (Rg) of 28.2 ± 0.1 Å (Guinier Rg = 27.8 ± 0.1 Å) and a
scattering profile (Fig. 7B, gray curve in set 1) that is well de-
scribed by the calculated scattering from a monomer model of
B. subtilis NrdE having a theoretical Rg of 27.5 Å (Fig. 7B, blue
curve in set 1, √χ2 = 1.1). The elution of holo-NrdE coincides
with that of the second component, which was found to have an
Rg of 43.6 ± 0.2 Å (Guinier Rg = 42.8 ± 0.1). The calculated
scattering from a canonical dimer having an Rg of 37.5 Å shows a
poor fit to the data over a wide q-range (Fig. 7B, set 3, √χ2 =
11.7). Instead, this component is better described by the calcu-
lated scattering of the noncanonical dimer (Fig. 7B, set 2, √χ2 =
6.8), which has a theoretical Rg of 45.9 Å. Although a √χ2
greater than 1 suggests that the crystal structure of the non-
canonical dimer does not perfectly describe the solution con-
formation, it clearly provides a better fit to the experimental
curve than the canonical dimer (Fig. 7B, Lower). Notably, the
elongated shape of the noncanonical dimer better reproduces
the larger Rg as well as the distinctive shape of the experimental
data in the mid-q region (0.05 < q < 0.1 Å−1), which is sensitive
to subunit arrangement. These results indicate that apo-NrdE
is a monomer, whereas under the AEX conditions used here

holo-NrdE elutes predominantly as a noncanonical dimer that
coelutes with a small population of monomer.
To determine if apo-NrdE can be converted to holo-NrdE, a

titration experiment was performed, in which 0- to 300-μM
dAMP was added to a solution of 2-μM apo-NrdE and 1-mM
CDP. Singular value decomposition of the titration dataset yields
two major singular values (SI Appendix, Fig. S10 A and B),
suggesting that dAMP induces a largely two-state transition. At
0-μM dAMP, we find that the scattering of apo-NrdE is super-
imposable with that of the AEX-derived monomer (blue dashed
curves in Fig. 7C and SI Appendix, Fig. S10C), indicating that
CDP has no effect on the oligomerization state. The addition of
dAMP leads to a change in scattering that is consistent with
noncanonical dimerization (Fig. 7C and SI Appendix, Fig. S10).
The corresponding Rg values increase from that of a monomer to
values approaching that of the AEX-derived noncanonical dimer
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Fig. 7. SAXS reveals the effects of adenine nucleotides on NrdE oligomeri-
zation. (A) AEX–SAXS dataset of aiNrdE. (B) SAXS profiles of the two protein
components from AEX–SAXS are shown offset with fits and corresponding
residuals (res.) shown below with the same coloring. Set 1: The monomer
component (gray) is well described by the calculated profile of a NrdE
monomer (overlaid blue curve). Sets 2 and 3: The dimer component (gray) is
well described by the calculated profile of the noncanonical dimer (overlaid
orange curve), whereas that of a canonical dimer (overlaid magenta curve)
shows a worse fit. (C) Titration of 0- to 300-μM dAMP into 2-μM apo-NrdE
leads to a steeper slope in the Guinier region of the SAXS profiles (solid lines,
blue to red) with the AEX-derived monomer (blue dashed line) and dimer (red
dashed line) components shown for reference. (D) As [dAMP] increases, the Rg

increases from that of a monomer and approaches that of the AEX-derived
dimer (red dashed line), saturating at stoichiometric concentrations. (E) The
addition of dATP to 1-μM holo-NrdE leads to the formation of increasingly
large structures, as indicated by an increasingly steep Guinier region of the
SAXS profile. A transformation of this plot further shows that the species
becomes increasingly extended with [dATP] (SI Appendix, Fig. S11).
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the observed dAMP pocket and further supports the use of this
pocket to bind nucleoside di- and triphosphates (SI Appendix,
Fig. S8). The analysis indicates a second adjacent cavity that
could bind another nucleotide simultaneously, as has been ob-
served recently in one of the two cone domains of the class Ia
RNR from P. aeruginosa (9).

Apo-NrdE Is a Monomer, and Holo-NrdE Is Predominantly a Noncanonical
Dimer in Solution. To determine if the crystallographically observed
noncanonical dimer forms in solution, we employed SAXS, a
technique that is particularly well suited for deconvoluting mix-
tures of RNR oligomers (7, 8). Because apo- and holo-NrdE were
found to be separable by AEX chromatography (SI Appendix, Fig.
S3), a 15-μM sample of aiNrdE was loaded onto an in-line
MonoQ column and eluted directly into the X-ray path with a
linear gradient of 100- to 500-mM NaCl at pH 7.6. Scattering
images were collected continuously over the course of the elution
to generate a 3D dataset with two major peaks corresponding to
the apo- and holo-NrdE fractions (Fig. 7A), similar to those seen
in the UV chromatogram described earlier (SI Appendix, Fig.
S3A). The AEX–SAXS dataset was then mathematically decom-
posed as a linear combination of four distinct scattering compo-
nents, each with an elution profile and SAXS curve, using a
regularized alternating least-squares (ALS) method developed in-
house (SI Appendix, Fig. S9). Mathematical decomposition by
ALS was previously introduced in the context of size-exclusion
chromatography (SEC) SAXS, where the sequential nature of
elution affords a straightforward means to identify where indi-
vidual peaks begin and end (34). In the context of AEX–SAXS,
however, the background scattering varies in a complex manner
throughout the chromatogram due to the NaCl gradient, compli-
cating analysis. To decompose the AEX–SAXS data, we added
smoothness regularization to the ALS method, so that background
components could be forced (by selection of a large Lagrange
multiplier) to vary monotonically during elution. With this ap-
proach, we found that the dataset could be represented by two
background components and two partly overlapping peaks (SI
Appendix, Fig. S9A). Although subtraction of the variable scatter-
ing from a salt gradient has been reported for ion exchange-
coupled SAXS using a reference measurement (35), the regular-
ized decomposition of AEX–SAXS data we present here represents
a mathematical approach to background separation.
Decomposition of the AEX–SAXS data by regularized ALS

reveals the sequential elution of two protein components (SI
Appendix, Fig. S9A). The elution of apo-NrdE corresponds to
that of the first component, which was found to have a radius of
gyration (Rg) of 28.2 ± 0.1 Å (Guinier Rg = 27.8 ± 0.1 Å) and a
scattering profile (Fig. 7B, gray curve in set 1) that is well de-
scribed by the calculated scattering from a monomer model of
B. subtilis NrdE having a theoretical Rg of 27.5 Å (Fig. 7B, blue
curve in set 1, √χ2 = 1.1). The elution of holo-NrdE coincides
with that of the second component, which was found to have an
Rg of 43.6 ± 0.2 Å (Guinier Rg = 42.8 ± 0.1). The calculated
scattering from a canonical dimer having an Rg of 37.5 Å shows a
poor fit to the data over a wide q-range (Fig. 7B, set 3, √χ2 =
11.7). Instead, this component is better described by the calcu-
lated scattering of the noncanonical dimer (Fig. 7B, set 2, √χ2 =
6.8), which has a theoretical Rg of 45.9 Å. Although a √χ2
greater than 1 suggests that the crystal structure of the non-
canonical dimer does not perfectly describe the solution con-
formation, it clearly provides a better fit to the experimental
curve than the canonical dimer (Fig. 7B, Lower). Notably, the
elongated shape of the noncanonical dimer better reproduces
the larger Rg as well as the distinctive shape of the experimental
data in the mid-q region (0.05 < q < 0.1 Å−1), which is sensitive
to subunit arrangement. These results indicate that apo-NrdE
is a monomer, whereas under the AEX conditions used here

holo-NrdE elutes predominantly as a noncanonical dimer that
coelutes with a small population of monomer.
To determine if apo-NrdE can be converted to holo-NrdE, a

titration experiment was performed, in which 0- to 300-μM
dAMP was added to a solution of 2-μM apo-NrdE and 1-mM
CDP. Singular value decomposition of the titration dataset yields
two major singular values (SI Appendix, Fig. S10 A and B),
suggesting that dAMP induces a largely two-state transition. At
0-μM dAMP, we find that the scattering of apo-NrdE is super-
imposable with that of the AEX-derived monomer (blue dashed
curves in Fig. 7C and SI Appendix, Fig. S10C), indicating that
CDP has no effect on the oligomerization state. The addition of
dAMP leads to a change in scattering that is consistent with
noncanonical dimerization (Fig. 7C and SI Appendix, Fig. S10).
The corresponding Rg values increase from that of a monomer to
values approaching that of the AEX-derived noncanonical dimer
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Fig. 7. SAXS reveals the effects of adenine nucleotides on NrdE oligomeri-
zation. (A) AEX–SAXS dataset of aiNrdE. (B) SAXS profiles of the two protein
components from AEX–SAXS are shown offset with fits and corresponding
residuals (res.) shown below with the same coloring. Set 1: The monomer
component (gray) is well described by the calculated profile of a NrdE
monomer (overlaid blue curve). Sets 2 and 3: The dimer component (gray) is
well described by the calculated profile of the noncanonical dimer (overlaid
orange curve), whereas that of a canonical dimer (overlaid magenta curve)
shows a worse fit. (C) Titration of 0- to 300-μM dAMP into 2-μM apo-NrdE
leads to a steeper slope in the Guinier region of the SAXS profiles (solid lines,
blue to red) with the AEX-derived monomer (blue dashed line) and dimer (red
dashed line) components shown for reference. (D) As [dAMP] increases, the Rg

increases from that of a monomer and approaches that of the AEX-derived
dimer (red dashed line), saturating at stoichiometric concentrations. (E) The
addition of dATP to 1-μM holo-NrdE leads to the formation of increasingly
large structures, as indicated by an increasingly steep Guinier region of the
SAXS profile. A transformation of this plot further shows that the species
becomes increasingly extended with [dATP] (SI Appendix, Fig. S11).
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(SI Appendix, Fig. S5 A and B, Insets and SI Appendix, Fig. S6A).
The similarity is surprising, given the reported lack of dATP in-
hibition in the S. typhimurium enzyme (15). A comparable pocket
lined with slightly different functional groups in S. typhimurium
NrdE raises the possibility of an as-yet undiscovered capacity for
overall activity modulation in other NrdE systems (SI Appendix, Fig.
S5 A and B), perhaps involving priming ligands other than dAMP.
Interestingly, a subset of class Ib RNRs homologous to B. subtilis
NrdE (including those of mycobacterial pathogens) exhibits high
sequence identity in the residues that interact directly with dAMP
(SI Appendix, Fig. S6), suggesting that the dAMP-dependent
overall activity regulation observed in B. subtilis NrdE is likely
shared with this group.

Mutagenesis of the dAMP-Binding Site. In the dAMP-bound B.
subtilis NrdE structures, the adenine of the nucleotide is found
inserted into a large hydrophobic pocket lined by V33 and F37 in
helix 2 of the truncated ATP-cone (Fig. 5 A and B, green) and
F91 and the methylene arm of R90 in the connector domain (Fig.
5A, magenta and Fig. 5B, blue). The adenine base is recognized in
a base-specific fashion via H-bonding interactions between the
N1 nitrogen and the N6 amino group to the backbone amide and

carbonyl groups of F91 (Fig. 5 D and E) in the connector domain,
enabled by a helix-strand transition at 87-KKFRFP-92. The base-
specific F91 backbone interaction is an example of a reverse
adenine-binding interaction (31), unusual in RNRs (6, 9, 32), al-
though recent reports of multiple ATP molecules bound to a single
ATP-cone in Pseudomonas aeruginosa class Ia RNR suggests di-
verse binding modes are possible (9). The motif is common to di-
verse classes of adenine nucleotide–binding proteins (31), implying
high specificity of this site for effectors containing an adenine base.
In contrast to the typical nucleotide-binding motifs found in RNRs,
the dAMP site in B. subtilis NrdE exhibits more limited interaction
with the sugar–phosphate moiety of the ligand and lacks a co-
ordinating divalent cation. N42 and H34 in the truncated ATP-
cone are within H-bonding distance of the furanose oxygen and
one of the phosphate oxygens of dAMP, respectively (Fig. 5 D and
E). N42 is additionally a possible H-bond donor/acceptor to the
3ʹ-OH of the dAMP ribose, and E53 in the noncanonical dimer
partner also resides within 4 Å of this functional group.
To further validate the crystallographically observed dAMP-

binding site (Fig. 5), H34 and F37 were mutated to Gln and Ile,
respectively. The NrdE variants were purified in a manner sim-
ilar to the wild-type enzyme and assayed for activity and dAMP
incorporation. H34Q NrdE had activity higher than the wild-type
protein (850–900 vs. 600 nmol·min−1·mg−1 α2), and HClO4 de-
naturation of the protein in the AEX fractions yielded little
dAMP, as monitored by A260. Additionally, H34Q NrdE dis-
played a dATP-inhibition profile (SI Appendix, Fig. S7) similar to
apo-NrdE (Fig. 4, black) although inhibition was observed at
high dATP (0.5 mM). Thus, the H34Q mutation partially dis-
rupts dAMP binding and renders the enzyme largely insensitive
to dATP inhibition while maintaining high catalytic activity. In
the case of F37I NrdE, all AEX fractions exhibited low specific
activity (80–90 nmol·min−1·mg−1 α2) and no detectable A260 peak
upon protein precipitation. The preliminary results are consis-
tent with the crystallographic observations, which suggest that
F37 is most important for dAMP binding because it forms part of
the adenine-binding pocket. Residue H34 may be less critical
because it is one of two residues within H-bonding distance of
the dAMP phosphate, and the substituted Q may retain some of
this functionality (Fig. 5 B and E).
Given the observed inhibition of holo-NrdE activity by dATP

(Fig. 4, red), it is interesting to consider whether the dAMP site
in the N terminus of the protein could accommodate deoxy-
adenosine 5′-diphosphate (dADP) or dATP via displacement of
the endogenous dAMP ligand. The dAMP-soaked structure at
pH 7 provides some insight into this question because it contains
unequivocal electron density for a free phosphate positioned
next to the terminal phosphate of the dAMP ligand (Fig. 5B).
Although the origin of the phosphate is unknown, the structure
provides a view of how this site might accommodate a deoxy-
adenosine di- or triphosphate. Residue K88, located near the
adenine-binding motif in the helix–strand transition of the con-
nector domain (Fig. 5B), is within H-bonding distance of the free
phosphate but is too far away from the terminal dAMP phos-
phate to bind directly to the ligand. Interaction between the
terminal phosphate of a di- or triphosphorylated nucleotide via a
Lys or Arg side chain is a common pattern in other nucleotide–
effector binding sites in RNR structures (6, 9, 32) and other
ATP-binding proteins, including P-loop nucleotide switches (33).
In the latter group of proteins, the charged residue functions in
readout of the phosphorylation state of the nucleotide to com-
municate the status to other regions of the protein via long-range
conformational changes. In B. subtilis NrdE, K88 could com-
municate N-terminal domain dAMP/dADP/dATP interactions
to the specificity site or noncanonical dimer partner to modulate
activity and/or oligomeric state. Analysis of electrostatic surface
potential in the N-terminal and connector domains of B. subtilis
NrdE reveals an extended positively charged region that includes
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Parker, M. J. et al. PNAS 115, E4594–E4603 (2018).



Accurate scattering simulation requires hydration layer modeling
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Simulation is best for ranking multiple candidates
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the observed dAMP pocket and further supports the use of this
pocket to bind nucleoside di- and triphosphates (SI Appendix,
Fig. S8). The analysis indicates a second adjacent cavity that
could bind another nucleotide simultaneously, as has been ob-
served recently in one of the two cone domains of the class Ia
RNR from P. aeruginosa (9).

Apo-NrdE Is a Monomer, and Holo-NrdE Is Predominantly a Noncanonical
Dimer in Solution. To determine if the crystallographically observed
noncanonical dimer forms in solution, we employed SAXS, a
technique that is particularly well suited for deconvoluting mix-
tures of RNR oligomers (7, 8). Because apo- and holo-NrdE were
found to be separable by AEX chromatography (SI Appendix, Fig.
S3), a 15-μM sample of aiNrdE was loaded onto an in-line
MonoQ column and eluted directly into the X-ray path with a
linear gradient of 100- to 500-mM NaCl at pH 7.6. Scattering
images were collected continuously over the course of the elution
to generate a 3D dataset with two major peaks corresponding to
the apo- and holo-NrdE fractions (Fig. 7A), similar to those seen
in the UV chromatogram described earlier (SI Appendix, Fig.
S3A). The AEX–SAXS dataset was then mathematically decom-
posed as a linear combination of four distinct scattering compo-
nents, each with an elution profile and SAXS curve, using a
regularized alternating least-squares (ALS) method developed in-
house (SI Appendix, Fig. S9). Mathematical decomposition by
ALS was previously introduced in the context of size-exclusion
chromatography (SEC) SAXS, where the sequential nature of
elution affords a straightforward means to identify where indi-
vidual peaks begin and end (34). In the context of AEX–SAXS,
however, the background scattering varies in a complex manner
throughout the chromatogram due to the NaCl gradient, compli-
cating analysis. To decompose the AEX–SAXS data, we added
smoothness regularization to the ALS method, so that background
components could be forced (by selection of a large Lagrange
multiplier) to vary monotonically during elution. With this ap-
proach, we found that the dataset could be represented by two
background components and two partly overlapping peaks (SI
Appendix, Fig. S9A). Although subtraction of the variable scatter-
ing from a salt gradient has been reported for ion exchange-
coupled SAXS using a reference measurement (35), the regular-
ized decomposition of AEX–SAXS data we present here represents
a mathematical approach to background separation.
Decomposition of the AEX–SAXS data by regularized ALS

reveals the sequential elution of two protein components (SI
Appendix, Fig. S9A). The elution of apo-NrdE corresponds to
that of the first component, which was found to have a radius of
gyration (Rg) of 28.2 ± 0.1 Å (Guinier Rg = 27.8 ± 0.1 Å) and a
scattering profile (Fig. 7B, gray curve in set 1) that is well de-
scribed by the calculated scattering from a monomer model of
B. subtilis NrdE having a theoretical Rg of 27.5 Å (Fig. 7B, blue
curve in set 1, √χ2 = 1.1). The elution of holo-NrdE coincides
with that of the second component, which was found to have an
Rg of 43.6 ± 0.2 Å (Guinier Rg = 42.8 ± 0.1). The calculated
scattering from a canonical dimer having an Rg of 37.5 Å shows a
poor fit to the data over a wide q-range (Fig. 7B, set 3, √χ2 =
11.7). Instead, this component is better described by the calcu-
lated scattering of the noncanonical dimer (Fig. 7B, set 2, √χ2 =
6.8), which has a theoretical Rg of 45.9 Å. Although a √χ2
greater than 1 suggests that the crystal structure of the non-
canonical dimer does not perfectly describe the solution con-
formation, it clearly provides a better fit to the experimental
curve than the canonical dimer (Fig. 7B, Lower). Notably, the
elongated shape of the noncanonical dimer better reproduces
the larger Rg as well as the distinctive shape of the experimental
data in the mid-q region (0.05 < q < 0.1 Å−1), which is sensitive
to subunit arrangement. These results indicate that apo-NrdE
is a monomer, whereas under the AEX conditions used here

holo-NrdE elutes predominantly as a noncanonical dimer that
coelutes with a small population of monomer.
To determine if apo-NrdE can be converted to holo-NrdE, a

titration experiment was performed, in which 0- to 300-μM
dAMP was added to a solution of 2-μM apo-NrdE and 1-mM
CDP. Singular value decomposition of the titration dataset yields
two major singular values (SI Appendix, Fig. S10 A and B),
suggesting that dAMP induces a largely two-state transition. At
0-μM dAMP, we find that the scattering of apo-NrdE is super-
imposable with that of the AEX-derived monomer (blue dashed
curves in Fig. 7C and SI Appendix, Fig. S10C), indicating that
CDP has no effect on the oligomerization state. The addition of
dAMP leads to a change in scattering that is consistent with
noncanonical dimerization (Fig. 7C and SI Appendix, Fig. S10).
The corresponding Rg values increase from that of a monomer to
values approaching that of the AEX-derived noncanonical dimer
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Fig. 7. SAXS reveals the effects of adenine nucleotides on NrdE oligomeri-
zation. (A) AEX–SAXS dataset of aiNrdE. (B) SAXS profiles of the two protein
components from AEX–SAXS are shown offset with fits and corresponding
residuals (res.) shown below with the same coloring. Set 1: The monomer
component (gray) is well described by the calculated profile of a NrdE
monomer (overlaid blue curve). Sets 2 and 3: The dimer component (gray) is
well described by the calculated profile of the noncanonical dimer (overlaid
orange curve), whereas that of a canonical dimer (overlaid magenta curve)
shows a worse fit. (C) Titration of 0- to 300-μM dAMP into 2-μM apo-NrdE
leads to a steeper slope in the Guinier region of the SAXS profiles (solid lines,
blue to red) with the AEX-derived monomer (blue dashed line) and dimer (red
dashed line) components shown for reference. (D) As [dAMP] increases, the Rg

increases from that of a monomer and approaches that of the AEX-derived
dimer (red dashed line), saturating at stoichiometric concentrations. (E) The
addition of dATP to 1-μM holo-NrdE leads to the formation of increasingly
large structures, as indicated by an increasingly steep Guinier region of the
SAXS profile. A transformation of this plot further shows that the species
becomes increasingly extended with [dATP] (SI Appendix, Fig. S11).
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subunits and by prohibiting the subunits from forming an active
α2β2 complex. In contrast, NrdEs lack a complete ATP-cone
domain, and, until recently, the activity of previously studied
class Ib RNRs has been reported to be insensitive to inhibition
by dATP (12–19). These results have led to the belief that ATP-
cones are modular and uniquely responsible for overall activity
allosteric regulation in RNRs (5).
Contrary to this belief, we recently reported that physiologi-

cally relevant dATP concentrations (5–10 μM) are able to inhibit
the activity of the Bacillus subtilis Ib RNR (20). This result is an
example of RNR inhibition occurring independently of an ATP-
cone and suggests that nature has evolved other methods for
negative feedback regulation of elevated and/or imbalanced
dNTP pools. Here, we report the results of further biochemical
and biophysical studies undertaken to understand the allosteric
regulation of the B. subtilis RNR and to gain insight into the
structural basis for dATP inhibition. Surprisingly, we discovered
that the inhibitory potency of dATP is dependent on an equiv-
alent of deoxyadenosine 5′-monophosphate (dAMP) tightly
bound to recombinantly expressed NrdE (dAMP/α). Further-
more, isolation of endogenous NrdE as the NrdE·NrdF (NrdEF)
complex from B. subtilis and analysis by high-resolution mass
spectrometry also reveals bound dAMP, providing support for its
physiological importance. Structural characterization of NrdE by

analytical ultracentrifugation (AUC), X-ray crystallography, and
anion exchange (AEX) chromatography-coupled small-angle
X-ray scattering (SAXS) reveals a previously uncharacterized
NrdE dimer (Fig. 1B). The interface of this noncanonical α2 dimer
is formed by a partial N-terminal cone domain, which houses one
dAMP-binding site per α. Using AUC and SAXS, we further show
that the addition of dATP to dAMP-bound NrdE leads to the
formation of higher-order oligomers in a manner that is distinct
from but reminiscent of dATP inhibition in class Ia RNRs. Based
on these results, a model for the basis of overall activity allosteric
regulation of the B. subtilis Ib RNR is proposed.

Results
Substrate Specificity Allosteric Regulation of the Mn(III)2–Y•–Dependent
Enzyme Is Similar to Other Class I RNRs. Given the surprising suscep-
tibility of the B. subtilis Ib RNR to dATP inhibition (20), we ex-
amined its allosteric regulation in more detail. The steady-state
kinetics using as-isolated NrdE (aiNrdE) with Mn(III)2–Y•–loaded
NrdF were measured spectrophotometrically with endogenous re-
ductants. The results, summarized in Fig. 2 and SI Appendix, Table
S1, show that its regulation of substrate specificity conforms to the
general scheme observed previously with Ia and Fe(III)2–Y•–loaded
Ib RNRs (5). ATP and low dATP (<5 μM) stimulate pyrimidine
reduction, TTP stimulates GDP reduction, dGTP stimulates ADP
reduction, and dCTP has no effect on activity. The previously
reported inhibitory effect of dATP at ≥10 μM on B. subtilis RNR is
also observed with UDP reduction (SI Appendix, Fig. S1A). The
kinetics follows Michaelis–Menten behavior with pyrimidine sub-
strates but not with purine substrates, ADP (SI Appendix, Fig. S1B),
or GDP (SI Appendix, Fig. S1C). These data fit best to the Hill
equation and revealed negative (nH = 0.7 ± 0.1) and positive (nH =
1.8 ± 0.3) cooperative binding for ADP and GDP, respectively. The
former result may explain the unusually large apparent affinity
(Kapp

m ) for ADP relative to other class I RNRs (SI Appendix, Table
S1). The apparent affinity of B. subtilis RNR for its other substrates
(SI Appendix, Table S1) and effectors (SI Appendix, Table S2)
showed characteristics similar to those of other class I enzymes:
GDP is the tightest-binding substrate, UDP the weakest, and the S-
site exhibits an ∼200-fold greater affinity for dNTPs relative to ATP.
Finally, kcat values (1–2·s−1) are on the low side but are comparable
to those measured with the Escherichia coli Ia RNR in the absence
of effectors (2·s−1) vs. in the presence of effectors (5–10·s−1) (21).
The kcat·Km

−1 values, on the other hand, are within the range previously

Fig. 1. Comparison of the modeled canonical and noncanonical dimeric
forms of B. subtilis NrdE. (A) A model of the canonical dimer was generated via
secondary-structure matching structural superposition (1) of the dAMP-bound
B. subtilis NrdE monomer structure against the Salmonella typhimurium NrdE
α2 dimer (PDB ID code 1PEM) (2). Disordered S-site residues are shown as
dashed lines. (B) Crystal structure of the noncanonical dimer of dAMP-bound
B. subtilis NrdE at pH 4. In both panels, the dimer interface is indicated by a
solid black line. The N-terminal partial cone (green), the connector region
(pink), and the two helices at the S-site in the canonical NrdE dimer (dark gray)
are colored by domain. These colors are used throughout this report.

Fig. 2. Allosteric regulation of B. subtilis RNR substrate specificity using Mn
(III)2–Y• NrdF and aiNrdE (described subsequently). Activities are expressed as
a percentage relative to the maximum activity observed for a given substrate.
Maximum activities for S (E) in α2β2 are ADP (dGTP) = 420 ± 20 nmol·min−1·mg−1;
GDP (TTP) = 245 ± 10 nmol·min−1·mg−1; CDP (ATP) = 385 ± 20 nmol·min−1·mg−1;
and UDP (ATP) = 435 ± 12 nmol·min−1·mg−1. Assays (500 μL) were conducted at
37 °C and contained a 1:1 mixture of 0.5-μM His6-tagged subunits, the endog-
enous reducing system (40-μM TrxA, 0.4-μM TrxB, and 0.2-mM NADPH), and S
and E nucleotides at the concentrations indicated in the figure.
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subunits and by prohibiting the subunits from forming an active
α2β2 complex. In contrast, NrdEs lack a complete ATP-cone
domain, and, until recently, the activity of previously studied
class Ib RNRs has been reported to be insensitive to inhibition
by dATP (12–19). These results have led to the belief that ATP-
cones are modular and uniquely responsible for overall activity
allosteric regulation in RNRs (5).
Contrary to this belief, we recently reported that physiologi-

cally relevant dATP concentrations (5–10 μM) are able to inhibit
the activity of the Bacillus subtilis Ib RNR (20). This result is an
example of RNR inhibition occurring independently of an ATP-
cone and suggests that nature has evolved other methods for
negative feedback regulation of elevated and/or imbalanced
dNTP pools. Here, we report the results of further biochemical
and biophysical studies undertaken to understand the allosteric
regulation of the B. subtilis RNR and to gain insight into the
structural basis for dATP inhibition. Surprisingly, we discovered
that the inhibitory potency of dATP is dependent on an equiv-
alent of deoxyadenosine 5′-monophosphate (dAMP) tightly
bound to recombinantly expressed NrdE (dAMP/α). Further-
more, isolation of endogenous NrdE as the NrdE·NrdF (NrdEF)
complex from B. subtilis and analysis by high-resolution mass
spectrometry also reveals bound dAMP, providing support for its
physiological importance. Structural characterization of NrdE by

analytical ultracentrifugation (AUC), X-ray crystallography, and
anion exchange (AEX) chromatography-coupled small-angle
X-ray scattering (SAXS) reveals a previously uncharacterized
NrdE dimer (Fig. 1B). The interface of this noncanonical α2 dimer
is formed by a partial N-terminal cone domain, which houses one
dAMP-binding site per α. Using AUC and SAXS, we further show
that the addition of dATP to dAMP-bound NrdE leads to the
formation of higher-order oligomers in a manner that is distinct
from but reminiscent of dATP inhibition in class Ia RNRs. Based
on these results, a model for the basis of overall activity allosteric
regulation of the B. subtilis Ib RNR is proposed.

Results
Substrate Specificity Allosteric Regulation of the Mn(III)2–Y•–Dependent
Enzyme Is Similar to Other Class I RNRs. Given the surprising suscep-
tibility of the B. subtilis Ib RNR to dATP inhibition (20), we ex-
amined its allosteric regulation in more detail. The steady-state
kinetics using as-isolated NrdE (aiNrdE) with Mn(III)2–Y•–loaded
NrdF were measured spectrophotometrically with endogenous re-
ductants. The results, summarized in Fig. 2 and SI Appendix, Table
S1, show that its regulation of substrate specificity conforms to the
general scheme observed previously with Ia and Fe(III)2–Y•–loaded
Ib RNRs (5). ATP and low dATP (<5 μM) stimulate pyrimidine
reduction, TTP stimulates GDP reduction, dGTP stimulates ADP
reduction, and dCTP has no effect on activity. The previously
reported inhibitory effect of dATP at ≥10 μM on B. subtilis RNR is
also observed with UDP reduction (SI Appendix, Fig. S1A). The
kinetics follows Michaelis–Menten behavior with pyrimidine sub-
strates but not with purine substrates, ADP (SI Appendix, Fig. S1B),
or GDP (SI Appendix, Fig. S1C). These data fit best to the Hill
equation and revealed negative (nH = 0.7 ± 0.1) and positive (nH =
1.8 ± 0.3) cooperative binding for ADP and GDP, respectively. The
former result may explain the unusually large apparent affinity
(Kapp

m ) for ADP relative to other class I RNRs (SI Appendix, Table
S1). The apparent affinity of B. subtilis RNR for its other substrates
(SI Appendix, Table S1) and effectors (SI Appendix, Table S2)
showed characteristics similar to those of other class I enzymes:
GDP is the tightest-binding substrate, UDP the weakest, and the S-
site exhibits an ∼200-fold greater affinity for dNTPs relative to ATP.
Finally, kcat values (1–2·s−1) are on the low side but are comparable
to those measured with the Escherichia coli Ia RNR in the absence
of effectors (2·s−1) vs. in the presence of effectors (5–10·s−1) (21).
The kcat·Km

−1 values, on the other hand, are within the range previously

Fig. 1. Comparison of the modeled canonical and noncanonical dimeric
forms of B. subtilis NrdE. (A) A model of the canonical dimer was generated via
secondary-structure matching structural superposition (1) of the dAMP-bound
B. subtilis NrdE monomer structure against the Salmonella typhimurium NrdE
α2 dimer (PDB ID code 1PEM) (2). Disordered S-site residues are shown as
dashed lines. (B) Crystal structure of the noncanonical dimer of dAMP-bound
B. subtilis NrdE at pH 4. In both panels, the dimer interface is indicated by a
solid black line. The N-terminal partial cone (green), the connector region
(pink), and the two helices at the S-site in the canonical NrdE dimer (dark gray)
are colored by domain. These colors are used throughout this report.

Fig. 2. Allosteric regulation of B. subtilis RNR substrate specificity using Mn
(III)2–Y• NrdF and aiNrdE (described subsequently). Activities are expressed as
a percentage relative to the maximum activity observed for a given substrate.
Maximum activities for S (E) in α2β2 are ADP (dGTP) = 420 ± 20 nmol·min−1·mg−1;
GDP (TTP) = 245 ± 10 nmol·min−1·mg−1; CDP (ATP) = 385 ± 20 nmol·min−1·mg−1;
and UDP (ATP) = 435 ± 12 nmol·min−1·mg−1. Assays (500 μL) were conducted at
37 °C and contained a 1:1 mixture of 0.5-μM His6-tagged subunits, the endog-
enous reducing system (40-μM TrxA, 0.4-μM TrxB, and 0.2-mM NADPH), and S
and E nucleotides at the concentrations indicated in the figure.
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(SI Appendix, Fig. S5 A and B, Insets and SI Appendix, Fig. S6A).
The similarity is surprising, given the reported lack of dATP in-
hibition in the S. typhimurium enzyme (15). A comparable pocket
lined with slightly different functional groups in S. typhimurium
NrdE raises the possibility of an as-yet undiscovered capacity for
overall activity modulation in other NrdE systems (SI Appendix, Fig.
S5 A and B), perhaps involving priming ligands other than dAMP.
Interestingly, a subset of class Ib RNRs homologous to B. subtilis
NrdE (including those of mycobacterial pathogens) exhibits high
sequence identity in the residues that interact directly with dAMP
(SI Appendix, Fig. S6), suggesting that the dAMP-dependent
overall activity regulation observed in B. subtilis NrdE is likely
shared with this group.

Mutagenesis of the dAMP-Binding Site. In the dAMP-bound B.
subtilis NrdE structures, the adenine of the nucleotide is found
inserted into a large hydrophobic pocket lined by V33 and F37 in
helix 2 of the truncated ATP-cone (Fig. 5 A and B, green) and
F91 and the methylene arm of R90 in the connector domain (Fig.
5A, magenta and Fig. 5B, blue). The adenine base is recognized in
a base-specific fashion via H-bonding interactions between the
N1 nitrogen and the N6 amino group to the backbone amide and

carbonyl groups of F91 (Fig. 5 D and E) in the connector domain,
enabled by a helix-strand transition at 87-KKFRFP-92. The base-
specific F91 backbone interaction is an example of a reverse
adenine-binding interaction (31), unusual in RNRs (6, 9, 32), al-
though recent reports of multiple ATP molecules bound to a single
ATP-cone in Pseudomonas aeruginosa class Ia RNR suggests di-
verse binding modes are possible (9). The motif is common to di-
verse classes of adenine nucleotide–binding proteins (31), implying
high specificity of this site for effectors containing an adenine base.
In contrast to the typical nucleotide-binding motifs found in RNRs,
the dAMP site in B. subtilis NrdE exhibits more limited interaction
with the sugar–phosphate moiety of the ligand and lacks a co-
ordinating divalent cation. N42 and H34 in the truncated ATP-
cone are within H-bonding distance of the furanose oxygen and
one of the phosphate oxygens of dAMP, respectively (Fig. 5 D and
E). N42 is additionally a possible H-bond donor/acceptor to the
3ʹ-OH of the dAMP ribose, and E53 in the noncanonical dimer
partner also resides within 4 Å of this functional group.
To further validate the crystallographically observed dAMP-

binding site (Fig. 5), H34 and F37 were mutated to Gln and Ile,
respectively. The NrdE variants were purified in a manner sim-
ilar to the wild-type enzyme and assayed for activity and dAMP
incorporation. H34Q NrdE had activity higher than the wild-type
protein (850–900 vs. 600 nmol·min−1·mg−1 α2), and HClO4 de-
naturation of the protein in the AEX fractions yielded little
dAMP, as monitored by A260. Additionally, H34Q NrdE dis-
played a dATP-inhibition profile (SI Appendix, Fig. S7) similar to
apo-NrdE (Fig. 4, black) although inhibition was observed at
high dATP (0.5 mM). Thus, the H34Q mutation partially dis-
rupts dAMP binding and renders the enzyme largely insensitive
to dATP inhibition while maintaining high catalytic activity. In
the case of F37I NrdE, all AEX fractions exhibited low specific
activity (80–90 nmol·min−1·mg−1 α2) and no detectable A260 peak
upon protein precipitation. The preliminary results are consis-
tent with the crystallographic observations, which suggest that
F37 is most important for dAMP binding because it forms part of
the adenine-binding pocket. Residue H34 may be less critical
because it is one of two residues within H-bonding distance of
the dAMP phosphate, and the substituted Q may retain some of
this functionality (Fig. 5 B and E).
Given the observed inhibition of holo-NrdE activity by dATP

(Fig. 4, red), it is interesting to consider whether the dAMP site
in the N terminus of the protein could accommodate deoxy-
adenosine 5′-diphosphate (dADP) or dATP via displacement of
the endogenous dAMP ligand. The dAMP-soaked structure at
pH 7 provides some insight into this question because it contains
unequivocal electron density for a free phosphate positioned
next to the terminal phosphate of the dAMP ligand (Fig. 5B).
Although the origin of the phosphate is unknown, the structure
provides a view of how this site might accommodate a deoxy-
adenosine di- or triphosphate. Residue K88, located near the
adenine-binding motif in the helix–strand transition of the con-
nector domain (Fig. 5B), is within H-bonding distance of the free
phosphate but is too far away from the terminal dAMP phos-
phate to bind directly to the ligand. Interaction between the
terminal phosphate of a di- or triphosphorylated nucleotide via a
Lys or Arg side chain is a common pattern in other nucleotide–
effector binding sites in RNR structures (6, 9, 32) and other
ATP-binding proteins, including P-loop nucleotide switches (33).
In the latter group of proteins, the charged residue functions in
readout of the phosphorylation state of the nucleotide to com-
municate the status to other regions of the protein via long-range
conformational changes. In B. subtilis NrdE, K88 could com-
municate N-terminal domain dAMP/dADP/dATP interactions
to the specificity site or noncanonical dimer partner to modulate
activity and/or oligomeric state. Analysis of electrostatic surface
potential in the N-terminal and connector domains of B. subtilis
NrdE reveals an extended positively charged region that includes
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Fig. 6. (A and B) A comparison of the structure of the N-terminal nucleotide-
binding domains in E. coli NrdA (PDB ID code 3R1R) (A) and B. subtilis NrdE
(B). (C) B. subtilis NrdE retains a shorter version of the ATP-cone motif found
in E. coli NrdA and many other class I RNRs.
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Examine residuals!



Software for scattering simulation

11Steve Meisburger @ Ando Lab— CHESS HP Bio Workshop 2021

CRYSOL — Svergun, Barberato & Koch. J Appl Cryst, 1995. 
foXS — Schneidman-Duhovny, Hammel, Tainer, & Sali. NAR, 2016.
WAXSIS — Christopher J. Knight and Jochen S. Hub. NAR, 2015.
HyPred — Virtanen, Makowski, Sosnick, & Freed. Biophys J, 2011.
3D-RISM — Nguyen, Pabit, Meisburger, Pollack, & Case. J Chem Phys, 2014.
AquaSAXS — Poitevin, Orland, Doniach, Koehl, & Delarue. NAR, 2011.

• CRYSOL — fit uniform hydration model


• Download ATSAS package: https://www.embl-hamburg.de/biosaxs/software.html


• FoXS — fit bead-based hydration model


• Web server: https://modbase.compbio.ucsf.edu/foxs/


• WAXSIS — short all-atom MD simulations (no fitting)


• Web server: http://waxsis.uni-goettingen.de/


• [HyPred, 3D-RISM, AquaSAXS, and many more …]

https://www.embl-hamburg.de/biosaxs/software.html
https://modbase.compbio.ucsf.edu/foxs/
http://waxsis.uni-goettingen.de/
https://www.embl-hamburg.de/biosaxs/software.html
https://modbase.compbio.ucsf.edu/foxs/
http://waxsis.uni-goettingen.de/


FOXS demo
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Schneidman-Duhovny, Hammel, 
Tainer, & Sali. NAR, 2016.

https://modbase.compbio.ucsf.edu/foxs/

FoXS reference:

https://modbase.compbio.ucsf.edu/foxs/
https://modbase.compbio.ucsf.edu/foxs/


CRYSOL demo
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Svergun, Barberato, & Koch(1995) 
J. Appl. Cryst. 28, 768-773. 

CRYSOL reference:



Plotting fits in RAW
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RAW reference:

Hopkins, Gillilan, & Skou (2017). 
J Appl Cryst 50, 1545-1553.



SAXS simulation: tips & caveats
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• CRYSOL: may need to adjust advanced parameters

-lm   number of spherical harmonics. 
          affects accuracy at high-q 
-fb   affects accuracy of solvation layer 
          I recommend -fb 18 (maximum)


-dns  solvent density in electrons /  
         (default is 0.334 for pure water)


• Always check that fitted parameters make sense


• Both can run in “prediction” mode without input data (set 
parameters to default or user-input values) — useful!


• Atomic model must be complete


• Make sure atomic model was read in correctly (check 
number of atoms, chain ID, symmetry, etc)

Å3

Getting help

• CRYSOL


• crysol —help 

• www.embl-hamburg.de/
biosaxs/crysol.html


• FoXS


• modbase.compbio.ucsf.edu/
foxs/about.html


• modbase.compbio.ucsf.edu/
foxs/help.html

https://www.embl-hamburg.de/biosaxs/crysol.html
https://www.embl-hamburg.de/biosaxs/crysol.html
https://modbase.compbio.ucsf.edu/foxs/about.html
https://modbase.compbio.ucsf.edu/foxs/about.html
https://modbase.compbio.ucsf.edu/foxs/help.html
https://modbase.compbio.ucsf.edu/foxs/help.html
https://www.embl-hamburg.de/biosaxs/crysol.html
https://www.embl-hamburg.de/biosaxs/crysol.html
https://modbase.compbio.ucsf.edu/foxs/about.html
https://modbase.compbio.ucsf.edu/foxs/about.html
https://modbase.compbio.ucsf.edu/foxs/help.html
https://modbase.compbio.ucsf.edu/foxs/help.html
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the observed dAMP pocket and further supports the use of this
pocket to bind nucleoside di- and triphosphates (SI Appendix,
Fig. S8). The analysis indicates a second adjacent cavity that
could bind another nucleotide simultaneously, as has been ob-
served recently in one of the two cone domains of the class Ia
RNR from P. aeruginosa (9).

Apo-NrdE Is a Monomer, and Holo-NrdE Is Predominantly a Noncanonical
Dimer in Solution. To determine if the crystallographically observed
noncanonical dimer forms in solution, we employed SAXS, a
technique that is particularly well suited for deconvoluting mix-
tures of RNR oligomers (7, 8). Because apo- and holo-NrdE were
found to be separable by AEX chromatography (SI Appendix, Fig.
S3), a 15-μM sample of aiNrdE was loaded onto an in-line
MonoQ column and eluted directly into the X-ray path with a
linear gradient of 100- to 500-mM NaCl at pH 7.6. Scattering
images were collected continuously over the course of the elution
to generate a 3D dataset with two major peaks corresponding to
the apo- and holo-NrdE fractions (Fig. 7A), similar to those seen
in the UV chromatogram described earlier (SI Appendix, Fig.
S3A). The AEX–SAXS dataset was then mathematically decom-
posed as a linear combination of four distinct scattering compo-
nents, each with an elution profile and SAXS curve, using a
regularized alternating least-squares (ALS) method developed in-
house (SI Appendix, Fig. S9). Mathematical decomposition by
ALS was previously introduced in the context of size-exclusion
chromatography (SEC) SAXS, where the sequential nature of
elution affords a straightforward means to identify where indi-
vidual peaks begin and end (34). In the context of AEX–SAXS,
however, the background scattering varies in a complex manner
throughout the chromatogram due to the NaCl gradient, compli-
cating analysis. To decompose the AEX–SAXS data, we added
smoothness regularization to the ALS method, so that background
components could be forced (by selection of a large Lagrange
multiplier) to vary monotonically during elution. With this ap-
proach, we found that the dataset could be represented by two
background components and two partly overlapping peaks (SI
Appendix, Fig. S9A). Although subtraction of the variable scatter-
ing from a salt gradient has been reported for ion exchange-
coupled SAXS using a reference measurement (35), the regular-
ized decomposition of AEX–SAXS data we present here represents
a mathematical approach to background separation.
Decomposition of the AEX–SAXS data by regularized ALS

reveals the sequential elution of two protein components (SI
Appendix, Fig. S9A). The elution of apo-NrdE corresponds to
that of the first component, which was found to have a radius of
gyration (Rg) of 28.2 ± 0.1 Å (Guinier Rg = 27.8 ± 0.1 Å) and a
scattering profile (Fig. 7B, gray curve in set 1) that is well de-
scribed by the calculated scattering from a monomer model of
B. subtilis NrdE having a theoretical Rg of 27.5 Å (Fig. 7B, blue
curve in set 1, √χ2 = 1.1). The elution of holo-NrdE coincides
with that of the second component, which was found to have an
Rg of 43.6 ± 0.2 Å (Guinier Rg = 42.8 ± 0.1). The calculated
scattering from a canonical dimer having an Rg of 37.5 Å shows a
poor fit to the data over a wide q-range (Fig. 7B, set 3, √χ2 =
11.7). Instead, this component is better described by the calcu-
lated scattering of the noncanonical dimer (Fig. 7B, set 2, √χ2 =
6.8), which has a theoretical Rg of 45.9 Å. Although a √χ2
greater than 1 suggests that the crystal structure of the non-
canonical dimer does not perfectly describe the solution con-
formation, it clearly provides a better fit to the experimental
curve than the canonical dimer (Fig. 7B, Lower). Notably, the
elongated shape of the noncanonical dimer better reproduces
the larger Rg as well as the distinctive shape of the experimental
data in the mid-q region (0.05 < q < 0.1 Å−1), which is sensitive
to subunit arrangement. These results indicate that apo-NrdE
is a monomer, whereas under the AEX conditions used here

holo-NrdE elutes predominantly as a noncanonical dimer that
coelutes with a small population of monomer.
To determine if apo-NrdE can be converted to holo-NrdE, a

titration experiment was performed, in which 0- to 300-μM
dAMP was added to a solution of 2-μM apo-NrdE and 1-mM
CDP. Singular value decomposition of the titration dataset yields
two major singular values (SI Appendix, Fig. S10 A and B),
suggesting that dAMP induces a largely two-state transition. At
0-μM dAMP, we find that the scattering of apo-NrdE is super-
imposable with that of the AEX-derived monomer (blue dashed
curves in Fig. 7C and SI Appendix, Fig. S10C), indicating that
CDP has no effect on the oligomerization state. The addition of
dAMP leads to a change in scattering that is consistent with
noncanonical dimerization (Fig. 7C and SI Appendix, Fig. S10).
The corresponding Rg values increase from that of a monomer to
values approaching that of the AEX-derived noncanonical dimer
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Fig. 7. SAXS reveals the effects of adenine nucleotides on NrdE oligomeri-
zation. (A) AEX–SAXS dataset of aiNrdE. (B) SAXS profiles of the two protein
components from AEX–SAXS are shown offset with fits and corresponding
residuals (res.) shown below with the same coloring. Set 1: The monomer
component (gray) is well described by the calculated profile of a NrdE
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leads to a steeper slope in the Guinier region of the SAXS profiles (solid lines,
blue to red) with the AEX-derived monomer (blue dashed line) and dimer (red
dashed line) components shown for reference. (D) As [dAMP] increases, the Rg

increases from that of a monomer and approaches that of the AEX-derived
dimer (red dashed line), saturating at stoichiometric concentrations. (E) The
addition of dATP to 1-μM holo-NrdE leads to the formation of increasingly
large structures, as indicated by an increasingly steep Guinier region of the
SAXS profile. A transformation of this plot further shows that the species
becomes increasingly extended with [dATP] (SI Appendix, Fig. S11).
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the observed dAMP pocket and further supports the use of this
pocket to bind nucleoside di- and triphosphates (SI Appendix,
Fig. S8). The analysis indicates a second adjacent cavity that
could bind another nucleotide simultaneously, as has been ob-
served recently in one of the two cone domains of the class Ia
RNR from P. aeruginosa (9).

Apo-NrdE Is a Monomer, and Holo-NrdE Is Predominantly a Noncanonical
Dimer in Solution. To determine if the crystallographically observed
noncanonical dimer forms in solution, we employed SAXS, a
technique that is particularly well suited for deconvoluting mix-
tures of RNR oligomers (7, 8). Because apo- and holo-NrdE were
found to be separable by AEX chromatography (SI Appendix, Fig.
S3), a 15-μM sample of aiNrdE was loaded onto an in-line
MonoQ column and eluted directly into the X-ray path with a
linear gradient of 100- to 500-mM NaCl at pH 7.6. Scattering
images were collected continuously over the course of the elution
to generate a 3D dataset with two major peaks corresponding to
the apo- and holo-NrdE fractions (Fig. 7A), similar to those seen
in the UV chromatogram described earlier (SI Appendix, Fig.
S3A). The AEX–SAXS dataset was then mathematically decom-
posed as a linear combination of four distinct scattering compo-
nents, each with an elution profile and SAXS curve, using a
regularized alternating least-squares (ALS) method developed in-
house (SI Appendix, Fig. S9). Mathematical decomposition by
ALS was previously introduced in the context of size-exclusion
chromatography (SEC) SAXS, where the sequential nature of
elution affords a straightforward means to identify where indi-
vidual peaks begin and end (34). In the context of AEX–SAXS,
however, the background scattering varies in a complex manner
throughout the chromatogram due to the NaCl gradient, compli-
cating analysis. To decompose the AEX–SAXS data, we added
smoothness regularization to the ALS method, so that background
components could be forced (by selection of a large Lagrange
multiplier) to vary monotonically during elution. With this ap-
proach, we found that the dataset could be represented by two
background components and two partly overlapping peaks (SI
Appendix, Fig. S9A). Although subtraction of the variable scatter-
ing from a salt gradient has been reported for ion exchange-
coupled SAXS using a reference measurement (35), the regular-
ized decomposition of AEX–SAXS data we present here represents
a mathematical approach to background separation.
Decomposition of the AEX–SAXS data by regularized ALS

reveals the sequential elution of two protein components (SI
Appendix, Fig. S9A). The elution of apo-NrdE corresponds to
that of the first component, which was found to have a radius of
gyration (Rg) of 28.2 ± 0.1 Å (Guinier Rg = 27.8 ± 0.1 Å) and a
scattering profile (Fig. 7B, gray curve in set 1) that is well de-
scribed by the calculated scattering from a monomer model of
B. subtilis NrdE having a theoretical Rg of 27.5 Å (Fig. 7B, blue
curve in set 1, √χ2 = 1.1). The elution of holo-NrdE coincides
with that of the second component, which was found to have an
Rg of 43.6 ± 0.2 Å (Guinier Rg = 42.8 ± 0.1). The calculated
scattering from a canonical dimer having an Rg of 37.5 Å shows a
poor fit to the data over a wide q-range (Fig. 7B, set 3, √χ2 =
11.7). Instead, this component is better described by the calcu-
lated scattering of the noncanonical dimer (Fig. 7B, set 2, √χ2 =
6.8), which has a theoretical Rg of 45.9 Å. Although a √χ2
greater than 1 suggests that the crystal structure of the non-
canonical dimer does not perfectly describe the solution con-
formation, it clearly provides a better fit to the experimental
curve than the canonical dimer (Fig. 7B, Lower). Notably, the
elongated shape of the noncanonical dimer better reproduces
the larger Rg as well as the distinctive shape of the experimental
data in the mid-q region (0.05 < q < 0.1 Å−1), which is sensitive
to subunit arrangement. These results indicate that apo-NrdE
is a monomer, whereas under the AEX conditions used here

holo-NrdE elutes predominantly as a noncanonical dimer that
coelutes with a small population of monomer.
To determine if apo-NrdE can be converted to holo-NrdE, a

titration experiment was performed, in which 0- to 300-μM
dAMP was added to a solution of 2-μM apo-NrdE and 1-mM
CDP. Singular value decomposition of the titration dataset yields
two major singular values (SI Appendix, Fig. S10 A and B),
suggesting that dAMP induces a largely two-state transition. At
0-μM dAMP, we find that the scattering of apo-NrdE is super-
imposable with that of the AEX-derived monomer (blue dashed
curves in Fig. 7C and SI Appendix, Fig. S10C), indicating that
CDP has no effect on the oligomerization state. The addition of
dAMP leads to a change in scattering that is consistent with
noncanonical dimerization (Fig. 7C and SI Appendix, Fig. S10).
The corresponding Rg values increase from that of a monomer to
values approaching that of the AEX-derived noncanonical dimer
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Fig. 7. SAXS reveals the effects of adenine nucleotides on NrdE oligomeri-
zation. (A) AEX–SAXS dataset of aiNrdE. (B) SAXS profiles of the two protein
components from AEX–SAXS are shown offset with fits and corresponding
residuals (res.) shown below with the same coloring. Set 1: The monomer
component (gray) is well described by the calculated profile of a NrdE
monomer (overlaid blue curve). Sets 2 and 3: The dimer component (gray) is
well described by the calculated profile of the noncanonical dimer (overlaid
orange curve), whereas that of a canonical dimer (overlaid magenta curve)
shows a worse fit. (C) Titration of 0- to 300-μM dAMP into 2-μM apo-NrdE
leads to a steeper slope in the Guinier region of the SAXS profiles (solid lines,
blue to red) with the AEX-derived monomer (blue dashed line) and dimer (red
dashed line) components shown for reference. (D) As [dAMP] increases, the Rg

increases from that of a monomer and approaches that of the AEX-derived
dimer (red dashed line), saturating at stoichiometric concentrations. (E) The
addition of dATP to 1-μM holo-NrdE leads to the formation of increasingly
large structures, as indicated by an increasingly steep Guinier region of the
SAXS profile. A transformation of this plot further shows that the species
becomes increasingly extended with [dATP] (SI Appendix, Fig. S11).
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(SI Appendix, Fig. S5 A and B, Insets and SI Appendix, Fig. S6A).
The similarity is surprising, given the reported lack of dATP in-
hibition in the S. typhimurium enzyme (15). A comparable pocket
lined with slightly different functional groups in S. typhimurium
NrdE raises the possibility of an as-yet undiscovered capacity for
overall activity modulation in other NrdE systems (SI Appendix, Fig.
S5 A and B), perhaps involving priming ligands other than dAMP.
Interestingly, a subset of class Ib RNRs homologous to B. subtilis
NrdE (including those of mycobacterial pathogens) exhibits high
sequence identity in the residues that interact directly with dAMP
(SI Appendix, Fig. S6), suggesting that the dAMP-dependent
overall activity regulation observed in B. subtilis NrdE is likely
shared with this group.

Mutagenesis of the dAMP-Binding Site. In the dAMP-bound B.
subtilis NrdE structures, the adenine of the nucleotide is found
inserted into a large hydrophobic pocket lined by V33 and F37 in
helix 2 of the truncated ATP-cone (Fig. 5 A and B, green) and
F91 and the methylene arm of R90 in the connector domain (Fig.
5A, magenta and Fig. 5B, blue). The adenine base is recognized in
a base-specific fashion via H-bonding interactions between the
N1 nitrogen and the N6 amino group to the backbone amide and

carbonyl groups of F91 (Fig. 5 D and E) in the connector domain,
enabled by a helix-strand transition at 87-KKFRFP-92. The base-
specific F91 backbone interaction is an example of a reverse
adenine-binding interaction (31), unusual in RNRs (6, 9, 32), al-
though recent reports of multiple ATP molecules bound to a single
ATP-cone in Pseudomonas aeruginosa class Ia RNR suggests di-
verse binding modes are possible (9). The motif is common to di-
verse classes of adenine nucleotide–binding proteins (31), implying
high specificity of this site for effectors containing an adenine base.
In contrast to the typical nucleotide-binding motifs found in RNRs,
the dAMP site in B. subtilis NrdE exhibits more limited interaction
with the sugar–phosphate moiety of the ligand and lacks a co-
ordinating divalent cation. N42 and H34 in the truncated ATP-
cone are within H-bonding distance of the furanose oxygen and
one of the phosphate oxygens of dAMP, respectively (Fig. 5 D and
E). N42 is additionally a possible H-bond donor/acceptor to the
3ʹ-OH of the dAMP ribose, and E53 in the noncanonical dimer
partner also resides within 4 Å of this functional group.
To further validate the crystallographically observed dAMP-

binding site (Fig. 5), H34 and F37 were mutated to Gln and Ile,
respectively. The NrdE variants were purified in a manner sim-
ilar to the wild-type enzyme and assayed for activity and dAMP
incorporation. H34Q NrdE had activity higher than the wild-type
protein (850–900 vs. 600 nmol·min−1·mg−1 α2), and HClO4 de-
naturation of the protein in the AEX fractions yielded little
dAMP, as monitored by A260. Additionally, H34Q NrdE dis-
played a dATP-inhibition profile (SI Appendix, Fig. S7) similar to
apo-NrdE (Fig. 4, black) although inhibition was observed at
high dATP (0.5 mM). Thus, the H34Q mutation partially dis-
rupts dAMP binding and renders the enzyme largely insensitive
to dATP inhibition while maintaining high catalytic activity. In
the case of F37I NrdE, all AEX fractions exhibited low specific
activity (80–90 nmol·min−1·mg−1 α2) and no detectable A260 peak
upon protein precipitation. The preliminary results are consis-
tent with the crystallographic observations, which suggest that
F37 is most important for dAMP binding because it forms part of
the adenine-binding pocket. Residue H34 may be less critical
because it is one of two residues within H-bonding distance of
the dAMP phosphate, and the substituted Q may retain some of
this functionality (Fig. 5 B and E).
Given the observed inhibition of holo-NrdE activity by dATP

(Fig. 4, red), it is interesting to consider whether the dAMP site
in the N terminus of the protein could accommodate deoxy-
adenosine 5′-diphosphate (dADP) or dATP via displacement of
the endogenous dAMP ligand. The dAMP-soaked structure at
pH 7 provides some insight into this question because it contains
unequivocal electron density for a free phosphate positioned
next to the terminal phosphate of the dAMP ligand (Fig. 5B).
Although the origin of the phosphate is unknown, the structure
provides a view of how this site might accommodate a deoxy-
adenosine di- or triphosphate. Residue K88, located near the
adenine-binding motif in the helix–strand transition of the con-
nector domain (Fig. 5B), is within H-bonding distance of the free
phosphate but is too far away from the terminal dAMP phos-
phate to bind directly to the ligand. Interaction between the
terminal phosphate of a di- or triphosphorylated nucleotide via a
Lys or Arg side chain is a common pattern in other nucleotide–
effector binding sites in RNR structures (6, 9, 32) and other
ATP-binding proteins, including P-loop nucleotide switches (33).
In the latter group of proteins, the charged residue functions in
readout of the phosphorylation state of the nucleotide to com-
municate the status to other regions of the protein via long-range
conformational changes. In B. subtilis NrdE, K88 could com-
municate N-terminal domain dAMP/dADP/dATP interactions
to the specificity site or noncanonical dimer partner to modulate
activity and/or oligomeric state. Analysis of electrostatic surface
potential in the N-terminal and connector domains of B. subtilis
NrdE reveals an extended positively charged region that includes
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the observed dAMP pocket and further supports the use of this
pocket to bind nucleoside di- and triphosphates (SI Appendix,
Fig. S8). The analysis indicates a second adjacent cavity that
could bind another nucleotide simultaneously, as has been ob-
served recently in one of the two cone domains of the class Ia
RNR from P. aeruginosa (9).

Apo-NrdE Is a Monomer, and Holo-NrdE Is Predominantly a Noncanonical
Dimer in Solution. To determine if the crystallographically observed
noncanonical dimer forms in solution, we employed SAXS, a
technique that is particularly well suited for deconvoluting mix-
tures of RNR oligomers (7, 8). Because apo- and holo-NrdE were
found to be separable by AEX chromatography (SI Appendix, Fig.
S3), a 15-μM sample of aiNrdE was loaded onto an in-line
MonoQ column and eluted directly into the X-ray path with a
linear gradient of 100- to 500-mM NaCl at pH 7.6. Scattering
images were collected continuously over the course of the elution
to generate a 3D dataset with two major peaks corresponding to
the apo- and holo-NrdE fractions (Fig. 7A), similar to those seen
in the UV chromatogram described earlier (SI Appendix, Fig.
S3A). The AEX–SAXS dataset was then mathematically decom-
posed as a linear combination of four distinct scattering compo-
nents, each with an elution profile and SAXS curve, using a
regularized alternating least-squares (ALS) method developed in-
house (SI Appendix, Fig. S9). Mathematical decomposition by
ALS was previously introduced in the context of size-exclusion
chromatography (SEC) SAXS, where the sequential nature of
elution affords a straightforward means to identify where indi-
vidual peaks begin and end (34). In the context of AEX–SAXS,
however, the background scattering varies in a complex manner
throughout the chromatogram due to the NaCl gradient, compli-
cating analysis. To decompose the AEX–SAXS data, we added
smoothness regularization to the ALS method, so that background
components could be forced (by selection of a large Lagrange
multiplier) to vary monotonically during elution. With this ap-
proach, we found that the dataset could be represented by two
background components and two partly overlapping peaks (SI
Appendix, Fig. S9A). Although subtraction of the variable scatter-
ing from a salt gradient has been reported for ion exchange-
coupled SAXS using a reference measurement (35), the regular-
ized decomposition of AEX–SAXS data we present here represents
a mathematical approach to background separation.
Decomposition of the AEX–SAXS data by regularized ALS

reveals the sequential elution of two protein components (SI
Appendix, Fig. S9A). The elution of apo-NrdE corresponds to
that of the first component, which was found to have a radius of
gyration (Rg) of 28.2 ± 0.1 Å (Guinier Rg = 27.8 ± 0.1 Å) and a
scattering profile (Fig. 7B, gray curve in set 1) that is well de-
scribed by the calculated scattering from a monomer model of
B. subtilis NrdE having a theoretical Rg of 27.5 Å (Fig. 7B, blue
curve in set 1, √χ2 = 1.1). The elution of holo-NrdE coincides
with that of the second component, which was found to have an
Rg of 43.6 ± 0.2 Å (Guinier Rg = 42.8 ± 0.1). The calculated
scattering from a canonical dimer having an Rg of 37.5 Å shows a
poor fit to the data over a wide q-range (Fig. 7B, set 3, √χ2 =
11.7). Instead, this component is better described by the calcu-
lated scattering of the noncanonical dimer (Fig. 7B, set 2, √χ2 =
6.8), which has a theoretical Rg of 45.9 Å. Although a √χ2
greater than 1 suggests that the crystal structure of the non-
canonical dimer does not perfectly describe the solution con-
formation, it clearly provides a better fit to the experimental
curve than the canonical dimer (Fig. 7B, Lower). Notably, the
elongated shape of the noncanonical dimer better reproduces
the larger Rg as well as the distinctive shape of the experimental
data in the mid-q region (0.05 < q < 0.1 Å−1), which is sensitive
to subunit arrangement. These results indicate that apo-NrdE
is a monomer, whereas under the AEX conditions used here

holo-NrdE elutes predominantly as a noncanonical dimer that
coelutes with a small population of monomer.
To determine if apo-NrdE can be converted to holo-NrdE, a

titration experiment was performed, in which 0- to 300-μM
dAMP was added to a solution of 2-μM apo-NrdE and 1-mM
CDP. Singular value decomposition of the titration dataset yields
two major singular values (SI Appendix, Fig. S10 A and B),
suggesting that dAMP induces a largely two-state transition. At
0-μM dAMP, we find that the scattering of apo-NrdE is super-
imposable with that of the AEX-derived monomer (blue dashed
curves in Fig. 7C and SI Appendix, Fig. S10C), indicating that
CDP has no effect on the oligomerization state. The addition of
dAMP leads to a change in scattering that is consistent with
noncanonical dimerization (Fig. 7C and SI Appendix, Fig. S10).
The corresponding Rg values increase from that of a monomer to
values approaching that of the AEX-derived noncanonical dimer
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Fig. 7. SAXS reveals the effects of adenine nucleotides on NrdE oligomeri-
zation. (A) AEX–SAXS dataset of aiNrdE. (B) SAXS profiles of the two protein
components from AEX–SAXS are shown offset with fits and corresponding
residuals (res.) shown below with the same coloring. Set 1: The monomer
component (gray) is well described by the calculated profile of a NrdE
monomer (overlaid blue curve). Sets 2 and 3: The dimer component (gray) is
well described by the calculated profile of the noncanonical dimer (overlaid
orange curve), whereas that of a canonical dimer (overlaid magenta curve)
shows a worse fit. (C) Titration of 0- to 300-μM dAMP into 2-μM apo-NrdE
leads to a steeper slope in the Guinier region of the SAXS profiles (solid lines,
blue to red) with the AEX-derived monomer (blue dashed line) and dimer (red
dashed line) components shown for reference. (D) As [dAMP] increases, the Rg

increases from that of a monomer and approaches that of the AEX-derived
dimer (red dashed line), saturating at stoichiometric concentrations. (E) The
addition of dATP to 1-μM holo-NrdE leads to the formation of increasingly
large structures, as indicated by an increasingly steep Guinier region of the
SAXS profile. A transformation of this plot further shows that the species
becomes increasingly extended with [dATP] (SI Appendix, Fig. S11).
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the observed dAMP pocket and further supports the use of this
pocket to bind nucleoside di- and triphosphates (SI Appendix,
Fig. S8). The analysis indicates a second adjacent cavity that
could bind another nucleotide simultaneously, as has been ob-
served recently in one of the two cone domains of the class Ia
RNR from P. aeruginosa (9).

Apo-NrdE Is a Monomer, and Holo-NrdE Is Predominantly a Noncanonical
Dimer in Solution. To determine if the crystallographically observed
noncanonical dimer forms in solution, we employed SAXS, a
technique that is particularly well suited for deconvoluting mix-
tures of RNR oligomers (7, 8). Because apo- and holo-NrdE were
found to be separable by AEX chromatography (SI Appendix, Fig.
S3), a 15-μM sample of aiNrdE was loaded onto an in-line
MonoQ column and eluted directly into the X-ray path with a
linear gradient of 100- to 500-mM NaCl at pH 7.6. Scattering
images were collected continuously over the course of the elution
to generate a 3D dataset with two major peaks corresponding to
the apo- and holo-NrdE fractions (Fig. 7A), similar to those seen
in the UV chromatogram described earlier (SI Appendix, Fig.
S3A). The AEX–SAXS dataset was then mathematically decom-
posed as a linear combination of four distinct scattering compo-
nents, each with an elution profile and SAXS curve, using a
regularized alternating least-squares (ALS) method developed in-
house (SI Appendix, Fig. S9). Mathematical decomposition by
ALS was previously introduced in the context of size-exclusion
chromatography (SEC) SAXS, where the sequential nature of
elution affords a straightforward means to identify where indi-
vidual peaks begin and end (34). In the context of AEX–SAXS,
however, the background scattering varies in a complex manner
throughout the chromatogram due to the NaCl gradient, compli-
cating analysis. To decompose the AEX–SAXS data, we added
smoothness regularization to the ALS method, so that background
components could be forced (by selection of a large Lagrange
multiplier) to vary monotonically during elution. With this ap-
proach, we found that the dataset could be represented by two
background components and two partly overlapping peaks (SI
Appendix, Fig. S9A). Although subtraction of the variable scatter-
ing from a salt gradient has been reported for ion exchange-
coupled SAXS using a reference measurement (35), the regular-
ized decomposition of AEX–SAXS data we present here represents
a mathematical approach to background separation.
Decomposition of the AEX–SAXS data by regularized ALS

reveals the sequential elution of two protein components (SI
Appendix, Fig. S9A). The elution of apo-NrdE corresponds to
that of the first component, which was found to have a radius of
gyration (Rg) of 28.2 ± 0.1 Å (Guinier Rg = 27.8 ± 0.1 Å) and a
scattering profile (Fig. 7B, gray curve in set 1) that is well de-
scribed by the calculated scattering from a monomer model of
B. subtilis NrdE having a theoretical Rg of 27.5 Å (Fig. 7B, blue
curve in set 1, √χ2 = 1.1). The elution of holo-NrdE coincides
with that of the second component, which was found to have an
Rg of 43.6 ± 0.2 Å (Guinier Rg = 42.8 ± 0.1). The calculated
scattering from a canonical dimer having an Rg of 37.5 Å shows a
poor fit to the data over a wide q-range (Fig. 7B, set 3, √χ2 =
11.7). Instead, this component is better described by the calcu-
lated scattering of the noncanonical dimer (Fig. 7B, set 2, √χ2 =
6.8), which has a theoretical Rg of 45.9 Å. Although a √χ2
greater than 1 suggests that the crystal structure of the non-
canonical dimer does not perfectly describe the solution con-
formation, it clearly provides a better fit to the experimental
curve than the canonical dimer (Fig. 7B, Lower). Notably, the
elongated shape of the noncanonical dimer better reproduces
the larger Rg as well as the distinctive shape of the experimental
data in the mid-q region (0.05 < q < 0.1 Å−1), which is sensitive
to subunit arrangement. These results indicate that apo-NrdE
is a monomer, whereas under the AEX conditions used here

holo-NrdE elutes predominantly as a noncanonical dimer that
coelutes with a small population of monomer.
To determine if apo-NrdE can be converted to holo-NrdE, a

titration experiment was performed, in which 0- to 300-μM
dAMP was added to a solution of 2-μM apo-NrdE and 1-mM
CDP. Singular value decomposition of the titration dataset yields
two major singular values (SI Appendix, Fig. S10 A and B),
suggesting that dAMP induces a largely two-state transition. At
0-μM dAMP, we find that the scattering of apo-NrdE is super-
imposable with that of the AEX-derived monomer (blue dashed
curves in Fig. 7C and SI Appendix, Fig. S10C), indicating that
CDP has no effect on the oligomerization state. The addition of
dAMP leads to a change in scattering that is consistent with
noncanonical dimerization (Fig. 7C and SI Appendix, Fig. S10).
The corresponding Rg values increase from that of a monomer to
values approaching that of the AEX-derived noncanonical dimer
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Fig. 7. SAXS reveals the effects of adenine nucleotides on NrdE oligomeri-
zation. (A) AEX–SAXS dataset of aiNrdE. (B) SAXS profiles of the two protein
components from AEX–SAXS are shown offset with fits and corresponding
residuals (res.) shown below with the same coloring. Set 1: The monomer
component (gray) is well described by the calculated profile of a NrdE
monomer (overlaid blue curve). Sets 2 and 3: The dimer component (gray) is
well described by the calculated profile of the noncanonical dimer (overlaid
orange curve), whereas that of a canonical dimer (overlaid magenta curve)
shows a worse fit. (C) Titration of 0- to 300-μM dAMP into 2-μM apo-NrdE
leads to a steeper slope in the Guinier region of the SAXS profiles (solid lines,
blue to red) with the AEX-derived monomer (blue dashed line) and dimer (red
dashed line) components shown for reference. (D) As [dAMP] increases, the Rg

increases from that of a monomer and approaches that of the AEX-derived
dimer (red dashed line), saturating at stoichiometric concentrations. (E) The
addition of dATP to 1-μM holo-NrdE leads to the formation of increasingly
large structures, as indicated by an increasingly steep Guinier region of the
SAXS profile. A transformation of this plot further shows that the species
becomes increasingly extended with [dATP] (SI Appendix, Fig. S11).
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(SI Appendix, Fig. S5 A and B, Insets and SI Appendix, Fig. S6A).
The similarity is surprising, given the reported lack of dATP in-
hibition in the S. typhimurium enzyme (15). A comparable pocket
lined with slightly different functional groups in S. typhimurium
NrdE raises the possibility of an as-yet undiscovered capacity for
overall activity modulation in other NrdE systems (SI Appendix, Fig.
S5 A and B), perhaps involving priming ligands other than dAMP.
Interestingly, a subset of class Ib RNRs homologous to B. subtilis
NrdE (including those of mycobacterial pathogens) exhibits high
sequence identity in the residues that interact directly with dAMP
(SI Appendix, Fig. S6), suggesting that the dAMP-dependent
overall activity regulation observed in B. subtilis NrdE is likely
shared with this group.

Mutagenesis of the dAMP-Binding Site. In the dAMP-bound B.
subtilis NrdE structures, the adenine of the nucleotide is found
inserted into a large hydrophobic pocket lined by V33 and F37 in
helix 2 of the truncated ATP-cone (Fig. 5 A and B, green) and
F91 and the methylene arm of R90 in the connector domain (Fig.
5A, magenta and Fig. 5B, blue). The adenine base is recognized in
a base-specific fashion via H-bonding interactions between the
N1 nitrogen and the N6 amino group to the backbone amide and

carbonyl groups of F91 (Fig. 5 D and E) in the connector domain,
enabled by a helix-strand transition at 87-KKFRFP-92. The base-
specific F91 backbone interaction is an example of a reverse
adenine-binding interaction (31), unusual in RNRs (6, 9, 32), al-
though recent reports of multiple ATP molecules bound to a single
ATP-cone in Pseudomonas aeruginosa class Ia RNR suggests di-
verse binding modes are possible (9). The motif is common to di-
verse classes of adenine nucleotide–binding proteins (31), implying
high specificity of this site for effectors containing an adenine base.
In contrast to the typical nucleotide-binding motifs found in RNRs,
the dAMP site in B. subtilis NrdE exhibits more limited interaction
with the sugar–phosphate moiety of the ligand and lacks a co-
ordinating divalent cation. N42 and H34 in the truncated ATP-
cone are within H-bonding distance of the furanose oxygen and
one of the phosphate oxygens of dAMP, respectively (Fig. 5 D and
E). N42 is additionally a possible H-bond donor/acceptor to the
3ʹ-OH of the dAMP ribose, and E53 in the noncanonical dimer
partner also resides within 4 Å of this functional group.
To further validate the crystallographically observed dAMP-

binding site (Fig. 5), H34 and F37 were mutated to Gln and Ile,
respectively. The NrdE variants were purified in a manner sim-
ilar to the wild-type enzyme and assayed for activity and dAMP
incorporation. H34Q NrdE had activity higher than the wild-type
protein (850–900 vs. 600 nmol·min−1·mg−1 α2), and HClO4 de-
naturation of the protein in the AEX fractions yielded little
dAMP, as monitored by A260. Additionally, H34Q NrdE dis-
played a dATP-inhibition profile (SI Appendix, Fig. S7) similar to
apo-NrdE (Fig. 4, black) although inhibition was observed at
high dATP (0.5 mM). Thus, the H34Q mutation partially dis-
rupts dAMP binding and renders the enzyme largely insensitive
to dATP inhibition while maintaining high catalytic activity. In
the case of F37I NrdE, all AEX fractions exhibited low specific
activity (80–90 nmol·min−1·mg−1 α2) and no detectable A260 peak
upon protein precipitation. The preliminary results are consis-
tent with the crystallographic observations, which suggest that
F37 is most important for dAMP binding because it forms part of
the adenine-binding pocket. Residue H34 may be less critical
because it is one of two residues within H-bonding distance of
the dAMP phosphate, and the substituted Q may retain some of
this functionality (Fig. 5 B and E).
Given the observed inhibition of holo-NrdE activity by dATP

(Fig. 4, red), it is interesting to consider whether the dAMP site
in the N terminus of the protein could accommodate deoxy-
adenosine 5′-diphosphate (dADP) or dATP via displacement of
the endogenous dAMP ligand. The dAMP-soaked structure at
pH 7 provides some insight into this question because it contains
unequivocal electron density for a free phosphate positioned
next to the terminal phosphate of the dAMP ligand (Fig. 5B).
Although the origin of the phosphate is unknown, the structure
provides a view of how this site might accommodate a deoxy-
adenosine di- or triphosphate. Residue K88, located near the
adenine-binding motif in the helix–strand transition of the con-
nector domain (Fig. 5B), is within H-bonding distance of the free
phosphate but is too far away from the terminal dAMP phos-
phate to bind directly to the ligand. Interaction between the
terminal phosphate of a di- or triphosphorylated nucleotide via a
Lys or Arg side chain is a common pattern in other nucleotide–
effector binding sites in RNR structures (6, 9, 32) and other
ATP-binding proteins, including P-loop nucleotide switches (33).
In the latter group of proteins, the charged residue functions in
readout of the phosphorylation state of the nucleotide to com-
municate the status to other regions of the protein via long-range
conformational changes. In B. subtilis NrdE, K88 could com-
municate N-terminal domain dAMP/dADP/dATP interactions
to the specificity site or noncanonical dimer partner to modulate
activity and/or oligomeric state. Analysis of electrostatic surface
potential in the N-terminal and connector domains of B. subtilis
NrdE reveals an extended positively charged region that includes
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Fig. 6. (A and B) A comparison of the structure of the N-terminal nucleotide-
binding domains in E. coli NrdA (PDB ID code 3R1R) (A) and B. subtilis NrdE
(B). (C) B. subtilis NrdE retains a shorter version of the ATP-cone motif found
in E. coli NrdA and many other class I RNRs.
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Simulate 
(easy)

Reconstruct? 
(hard)

• SAXS is low resolution 
(  resol. )


• SAXS is low information 
(Nyquist-Shannon sampling theorem)

qmax = 0.2 Å−1 → = 30 Å

SAXS profile

Δq

 Δq = π/dmax
Amount of information 


Typically, ~ 10-20. Not much!

= (1/π)qmaxdmax



Bead modeling approach
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Skou, Gillilan, & Ando (2014) Nature Protocols 9: 1727–1739.

• Software (ATSAS)


• DAMMIN — original


• DAMMIF — accelerated


• GASBOR — chain-like, valid at high q


• Optimization using simulated annealing


• A single reconstruction may have high 
resolution features, this can be 
misleading.


• Solution is not unique —> repeat many 
times and average them.



Unique reconstruction is not guaranteed
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Volkov & Svergun (2003). J. Appl. Cryst. 36(3), 860–864.
M.V. Petoukhov and D.I. Svergun (2015) Acta Cryst. D71, 1051-1058. 

Putnam, Hammel, Hura, & Tainer. Q Rev. Biophys. 2007.

• Theoretically, multiple shapes can give the same 
scattering profile —> ambiguity


• Some SAXS profiles are more ambiguous than others.


• AMBIMETER — fit SAXS data to database of simple 
shapes. How ambiguous?


• Bead models have trouble with certain shapes.


• Best practice: perform multiple, independent 
reconstructions, align & average (DAMAVER)


• NSD = “normalized spatial discrepancy”.  
NSD < 0.7 is similar enough to average


• Large NSDs —> multiple shapes possible. 
Cluster first then average (DAMCLUST)



DAMMIF demo
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CHESS HP Bio Workshop 2021

RAW user interface:
Hopkins, Gillilan, & Skou (2017). 
J Appl Cryst 50, 1545-1553.

Visualization in Chimera X:

ATSAS programs:

DAMAVER — Volkov & Svergun (2003). 
J. Appl. Cryst. 36(3), 860–864.

AMBIMETER — Petoukhov & Svergun 
(2015) Acta Cryst. D71, 1051-1058.

DAMMIF — Franke and Svergun (2009). 
J Appl Cryst. 42, 342-346.

DAMMIN — D. I. Svergun (1999). 
Biophys J. 2879-2886. 

https://bioxtas-raw.readthedocs.io/en/
latest/tutorial/s2_dammif.html

Adapted from RAW tutorial:

https://www.rbvi.ucsf.edu/chimerax/

https://bioxtas-raw.readthedocs.io/en/latest/tutorial/s2_dammif.html
https://bioxtas-raw.readthedocs.io/en/latest/tutorial/s2_dammif.html
https://bioxtas-raw.readthedocs.io/en/latest/tutorial/s2_dammif.html
https://bioxtas-raw.readthedocs.io/en/latest/tutorial/s2_dammif.html
https://www.rbvi.ucsf.edu/chimerax/
https://www.rbvi.ucsf.edu/chimerax/


Advanced modeling summary and advice
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• Must have good quality data.


• Monodisperse sample is required for modeling*


• Lots of software available for ab-initio reconstruction


• Reconstruction can be ambiguous. Quantify ambiguity, interpret models with caution.


• If you have an atomic model, fit SAXS simulation to scattering curve.  
Don’t just dock your model in the ab-initio density 😒


• Even better: use SAXS simulation to rank alternative models 😃


• *if your sample is a mixture, or is flexible, there is software to fit multiple models.  
But remember SAXS is low-information. Proceed with caution.

<— SEC-SAXS can help!



SEC-SAXS experiment
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Advanced data processing



Why use SEC-SAXS?
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• Exact buffer match


• Remove aggregates


• Confirm monodispersity


• Separate mixtures


• Computationally deconvolve 
overlapping peaks

• Usually uses more material, takes 
longer, dilutes the sample


• Buffer is fixed (no titrations)


• Protein concentration varies 
(issue for weak complexes)


• Radiation damage can compromise 
experiment

Pros Cons



Size exclusion chromatography (SEC) setup
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“Size exclusion chromatography: Principles and Methods”, GE Healthcare Life Sciences.

29010831 AB   7

Chapter 2  
Liquid chromatography systems and 
important considerations

A number of benefits can be derived from using an automated protein purification system.  
Such a system: 

• Ensures more controlled conditions and reproducible results

• Purifies proteins automatically without the need for user interactions during the run

• Allows sensitive samples to be purified more efficiently

• Allows use of high-resolution media

• Provides inline detection that helps in making decisions, for example, when the column has 
become equilibrated, when to collect fractions, etc.

• Allows automated collection of purified protein in small or large volumes

• Uses software that makes it easy to create methods, monitor runs, and evaluate results

Protein separation takes place in a column. Buffers and other liquids are delivered via the 
system pump, and sample can be applied in different ways (e.g., using a syringe to fill a sample 
loop or by using a sample pump). Detectors (e.g., UV/Vis absorbance, conductivity, pH) are 
placed after the column to monitor the separation process. The purified proteins are collected 
in the fraction collector. Figure 2.1 shows a typical system’s flow path.

UV/Vis absorbance

Column

Tubing

Sample

Mixer

Pumps

Buffers/
solutions

Fraction collector

pH Conductivity

Injection valve

Fig 2.1. Typical flow path for a chromatography system.
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Void volume Vo V –t VoTotal column
volume Vt

Fig 7.3. Diagrammatic representation of Vt and Vo. Note that Vt – Vo will include the volume of the solid material which forms 
the matrix (Fischer, L. Laboratory Techniques in Biochemistry and Molecular Biology. Vol. 1 part II. An Introduction to Gel 
Chromatography. North Holland Publishing Company, Amsterdam. Reproduced by kind permission of the author and publisher).

Since (Vt – Vo) includes the volume of the matrix that is inaccessible to all solute molecules, Kav 
is not a true partition coefficient. However, for a given medium there is a constant ratio of Kav:Kd 
which is independent of the nature of the molecule or its concentration. Kav is easily determined 
and, like Kd, defines sample behavior independently of the column dimensions and packing. 
Other methods of normalizing data give values that vary depending upon how well the column 
is packed. The approximate relationships between some of these terms are shown in Figure 7.4.
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Fig 7.4. Relationship between several expressions used for normalizing elution behavior.

Selectivity curves and media selection
The partition coefficient Kav is related to the size of a molecule. Molecules of similar shape and 
density demonstrate a sigmoidal relationship between their Kav values and the logarithms of 
their molecular weights (Mr). Over a considerable range there is a virtually linear relationship 
between Kav and log Mr. The selectivity of a SEC medium depends solely on its pore size 
distribution and is described by a selectivity curve. By plotting Kav against the log of the 
molecular weight for a set of standard proteins, selectivity curves are created for each SEC 
medium, as shown in Figure 7.5.
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Selectivity curves and media selection
The partition coefficient Kav is related to the size of a molecule. Molecules of similar shape and 
density demonstrate a sigmoidal relationship between their Kav values and the logarithms of 
their molecular weights (Mr). Over a considerable range there is a virtually linear relationship 
between Kav and log Mr. The selectivity of a SEC medium depends solely on its pore size 
distribution and is described by a selectivity curve. By plotting Kav against the log of the 
molecular weight for a set of standard proteins, selectivity curves are created for each SEC 
medium, as shown in Figure 7.5.
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SEC separates particles by size
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“Size exclusion chromatography: Principles and Methods”, GE Healthcare Life Sciences.

• Large objects are excluded → run quickly / elute first


• Small objects diffuse in the pores → run slowly / elute last
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Chapter 2 
Superdex: for high resolution,  
short run times, and high recovery

Superdex are SEC media consisting of a composite base matrix of dextran and agarose 
(Fig 2.1). This matrix combines the excellent SEC properties of cross-linked dextran with the 
physical and chemical stabilities of highly cross-linked agarose, to produce a separation medium 
with outstanding selectivity and high resolution. In addition, its low nonspecific interaction 
permits high recovery of biological material. Together these properties make Superdex an 
excellent choice for all applications from laboratory to process scale.

Dextran

Cross-linked agarose

Fig 2.1. A schematic section of a Superdex particle. In Superdex, the dextran chains are covalently linked to a highly 
cross-linked agarose matrix.

Superdex Increase is the next generation Superdex medium and has improved performance 
even further by providing increased resolution and shorter run times. This is achieved by 
using a high-flow agarose base matrix, which has higher flow/pressure tolerance, smaller 
bead size, and narrower particle size distribution. Figure 2.2 shows the fractionation ranges 
for all variants of Superdex media.

Superdex Peptide

Superdex 75

Superdex 200

Superdex 30 prep grade

Superdex 75 prep grade

Superdex 200 prep grade

Superdex 200 Increase

10M 2
r 10 3 10 4 10 5 10 6

Fig 2.2. Fractionation ranges for Superdex.
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Fig 1.1. Process of SEC. (A) Schematic picture of a bead with an electron microscopic enlargement. (B) Schematic 
drawing of sample molecules diffusing into bead pores. (C) Graphical description of separation: (i) sample is applied on 
the column; (ii) the smallest molecule (yellow) is more delayed than the largest molecule (red); (iii) the largest molecule is 
eluted first from the column. Band broadening causes significant dilution of the protein zones during chromatography.  
(D) Schematic chromatogram.

Group separation
SEC is used in group separation mode to remove small molecules from a group of larger 
molecules and as a fast, simple solution for buffer exchange. Small molecules such as excess 
salt or free labels are easily separated from larger molecules. Samples can be prepared for 
storage or for other chromatography techniques and assays. SEC in group separation mode is 
often used in protein purification schemes for desalting and buffer exchange. Sephadex G-10, 
G-25, and G-50 are used for group separations. Large sample volumes, up to 30% of the total 
column volume (packed bed), can be applied at high flow rates using broad, short columns. 
Figure 1.2 shows the chromatogram (elution profile) of a typical group separation. Large 
molecules are eluted in or just after the void volume, Vo, as they pass through the column at the 
same speed as the flow of buffer. For a well-packed column, Vo is equivalent to approximately 
30% of the total column volume. Small molecules such as salts that have full access to the 
pores move down the column, but do not separate from each other. These molecules usually 
elute just before one total column volume, Vt, of buffer has passed through the column. In this 
case the proteins are detected by monitoring their UV absorbance, usually at 280 nm, and the 
salts are detected by monitoring the conductivity of the buffer.
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Fig 7.3. Diagrammatic representation of Vt and Vo. Note that Vt – Vo will include the volume of the solid material which forms 
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Chromatography. North Holland Publishing Company, Amsterdam. Reproduced by kind permission of the author and publisher).

Since (Vt – Vo) includes the volume of the matrix that is inaccessible to all solute molecules, Kav 
is not a true partition coefficient. However, for a given medium there is a constant ratio of Kav:Kd 
which is independent of the nature of the molecule or its concentration. Kav is easily determined 
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Other methods of normalizing data give values that vary depending upon how well the column 
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Selectivity curves and media selection
The partition coefficient Kav is related to the size of a molecule. Molecules of similar shape and 
density demonstrate a sigmoidal relationship between their Kav values and the logarithms of 
their molecular weights (Mr). Over a considerable range there is a virtually linear relationship 
between Kav and log Mr. The selectivity of a SEC medium depends solely on its pore size 
distribution and is described by a selectivity curve. By plotting Kav against the log of the 
molecular weight for a set of standard proteins, selectivity curves are created for each SEC 
medium, as shown in Figure 7.5.
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Fig 1.1. Process of SEC. (A) Schematic picture of a bead with an electron microscopic enlargement. (B) Schematic 
drawing of sample molecules diffusing into bead pores. (C) Graphical description of separation: (i) sample is applied on 
the column; (ii) the smallest molecule (yellow) is more delayed than the largest molecule (red); (iii) the largest molecule is 
eluted first from the column. Band broadening causes significant dilution of the protein zones during chromatography.  
(D) Schematic chromatogram.

Group separation
SEC is used in group separation mode to remove small molecules from a group of larger 
molecules and as a fast, simple solution for buffer exchange. Small molecules such as excess 
salt or free labels are easily separated from larger molecules. Samples can be prepared for 
storage or for other chromatography techniques and assays. SEC in group separation mode is 
often used in protein purification schemes for desalting and buffer exchange. Sephadex G-10, 
G-25, and G-50 are used for group separations. Large sample volumes, up to 30% of the total 
column volume (packed bed), can be applied at high flow rates using broad, short columns. 
Figure 1.2 shows the chromatogram (elution profile) of a typical group separation. Large 
molecules are eluted in or just after the void volume, Vo, as they pass through the column at the 
same speed as the flow of buffer. For a well-packed column, Vo is equivalent to approximately 
30% of the total column volume. Small molecules such as salts that have full access to the 
pores move down the column, but do not separate from each other. These molecules usually 
elute just before one total column volume, Vt, of buffer has passed through the column. In this 
case the proteins are detected by monitoring their UV absorbance, usually at 280 nm, and the 
salts are detected by monitoring the conductivity of the buffer.
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Globular proteins elute according to logarithm of molecular weight
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“Size exclusion chromatography: Principles and Methods”, GE Healthcare Life Sciences.

124   18-1022-18 AL

Table A10.2. Characteristics of Gel Filtration Calibration HMW

Protein (weight per vial) Molecular weight (Mr) Source

Ovalbumin (50 mg) 43 000 Hen egg

Conalbumin (50 mg) 75 000 Chicken egg white

Aldolase1 (50 mg) 158 000 Rabbit muscle

Ferritin1 (15 mg) 440 000 Horse spleen

Thyroglobulin (50 mg) 669 000 Bovine thyroid

Blue Dextran 2000 (50 mg) 2 000 000
1 These proteins are supplied mixed with sucrose or mannitol to maintain stability and aid their solubility.

Typical calibration results from chromatographic runs and calculated calibration curves using 
prepacked Superdex columns are shown in Figures A10.1 and A10.2.

The method used for Figures A10.1 and A10.2:

Sample: Proteins from Gel Filtration Calibration Kits LMW and HMW:
 aprotinin (Apr), RNase A (R), carbonic anhydrase (CA), ovalbumin (O), conalbumin (C),  
 aldolase (Ald), ferritin (F), and thyroglobulin (T)
Sample vol.:  Figures A10.1 and A10.2, 100 µl
Buffer: 50 mM phosphate buffer, 150 mM sodium chloride, pH 7.2
Flow rate: Figure A10.1, 0.5 ml/min
 Figure A10.2, 0.6 ml/min
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Fig A10.1. Chromatographic separation and calibration curve for the standard proteins on Superdex 200 10/300 GL column.
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Example SEC-SAXS dataset from BSA
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Experimental details
Beamline CHESS G1, Nov. 2015

Sample BSA at 11 mg/mL in 
50 mM HEPES, pH 7.5

Column Superdex 200 
Increase, 3.2/300

Running 
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50 mM HEPES pH 7.0, 
100 mM NaCl, 5% 
glycerol

Injection 
Volume 50 uL

Flow 
Rate 0.1 mL/minute
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Guinier analysis across the peak

30Steve Meisburger @ Ando Lab— CHESS HP Bio Workshop 2021

0 0.5 1 1.5 2 2.5 3
Volume (mL)

5200

5400

5600

5800

I TO
TA

L
Total SAXS Intensity

0 0.5 1 1.5 2 2.5 3

0

100

200

300

400

m
AU

UV and Conductivity

8

9

10

m
S/

cm

400 450 500 550 600 650
Image Number

20

40

60

80

R
g 

(Å
)

Guinier Analysis, BSA

0

10

20

30

I(0
)

Use a region before 
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background subtraction
Is the peak one species? 

What curves can be 
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Rg ~constant 
in this region



SVD can help detect “pure components”
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Frame Number
Q (Å-1)

In
te

ns
ity

SEC-SAXS dataset
singular valuessingular vectors

along I vs. Q
(SAXS profiles)

singular vectors
along I vs. frame
(elution profiles)

A U VT= Sx x

N
0 5 10 15 20

Si
ng

ul
ar

 V
al

ue

101

102

103

104

• SVD = “singular value 
decomposition”


• Method from linear algebra 
(assume SAXS is additive)


• Detect number of significant 
singular values above noise


• = minimum number of 
distinct scattering 
components in mixture



Application of SVD to SEC-SAXS dataset from BSA
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Proceed to advanced analysis with confidence!
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BSA crystal structure 
(PDB: 4F5S)

CRYSOL fit

(rotated)

8x DAMMIF fast mode, mean NSD 0.685

Shape reconstruction



What if peaks overlap?
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Meisburger, S.P. et al. (2016) JACS 138, 6506–6516.
Meisburger, S.P., Xu, D. & Ando, N. (2021) IUCrJ 8(2).

• Often, Rg will change across the peak with no constant region


• Possible causes


• Insufficient column resolution to separate species


• Peak broadening


• Re-equilibration of oligomers or aggregation


• Optimize purification as much as possible (buffer components, etc.)


• Advanced computational methods


• EFA = “Evolving Factor Analysis”


• REGALS = “Regularized Alternating Least Squares”



EFA automatically detects and separates overlapping peaks in SEC-SAXS
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Meisburger, S.P. et al. (2016) JACS 138, 6506–6516.
Meisburger, S.P., Xu, D. & Ando, N. (2021) IUCrJ 8(2).

Bio-rad chromatography standard 
(thyroglobulin, γ-globulin, ovalbumin, 

myoglobin, vitamin B12)
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Latest method, REGALS, also works on AEX-
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SEC-SAXS Summary
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• SEC can separate molecules based on size


• SEC-SAXS is great at removing aggregates, separating oligomers, providing a 
good buffer match, and increasing overall confidence in data.


• SEC-SAXS typically requires extra sample, time


• Take care: experimental variables, assess data quality


• Powerful deconvolution methods (SVD, EFA, REGALS, …)


