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Abstract: The traditional NMR-based method for determining oligomeric protein structure usually
involves distinguishing and assigning intra- and intersubunit NOEs. This task becomes challenging
when determining symmetric homo-dimer structures because NOE cross-peaks from a given pair
of protons occur at the same position whether intra- or intersubunit in origin. While there are
isotope-filtering strategies for distinguishing intra from intermolecular NOE interactions in these
cases, they are laborious and often prove ineffectual in cases of weak dimers, where observation
of intermolecular NOEs is rare. Here, we present an efficient procedure for weak dimer structure
determination based on residual dipolar couplings (RDCs), chemical shift changes upon dilution,
and paramagnetic surface perturbations. This procedure is applied to the Northeast Structural
Genomics Consortium protein target, SeR13, a negatively charged Staphylococcus epidermidis
dimeric protein (Ky 3.4 = 1.4 mM) composed of 86 amino acids. A structure determination for the
monomeric form using traditional NMR methods is presented, followed by a dimer structure
determination using docking under orientation constraints from RDCs data, and scoring under
residue pair potentials and shape-based predictions of RDCs. Validation using paramagnetic
surface perturbation and chemical shift perturbation data acquired on sample dilution is also
presented. The general utility of the dimer structure determination procedure and the possible
relevance of SeR13 dimer formation are discussed.
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Introduction

Many proteins function not as monomers, but as
multimeric complexes. There are distinct functional
advantages implicit in the use of multimeric struc-
tures. For example, functional proteins can be pro-
duced more efficiently when several short sequences
are synthesized, since single disabling transcrip-
tional or translational errors affect a part, as com-
pared to an entire single chain protein.? Lower
organisms, with less complex quality control mecha-
nisms, in fact, seem to exploit the use of multimeric
assemblies more frequently.! Likewise, it may be
easier to tailor the properties of oligomeric com-
plexes to the demands of evolution by mutation of
an oligomeric subunit rather than a domain within a
single chain protein. Associations between subunits
of an oligomeric complex also provide additional
means of regulating different biological functions?
and a means of enhancing affinity in receptor inter-
actions, as they often do in multimeric lectins.>*

For these reasons, knowledge of the geometry of
subunit assembly is important for understanding
structure-function relationships and protein surface
properties. For tightly associating complexes, X-ray
crystallography provides this type of information.
However, not all complexes associate tightly. In addi-
tion, even for tight complexes, it may be difficult to
distinguish biologically relevant interprotein interac-
tions observed in a crystal structure from interac-
tions driven by the energetics of crystallization. So-
lution methods for characterizing geometry, such as
those from nuclear magnetic resonance (NMR), pro-
vide an important complement. These methods pres-
ent their own challenges, including the size limita-
tions of NMR, the lack of NOE constraints across
multimer interfaces of weak complexes, and degen-
eracies of NMR resonances when symmetric homo-
oligomers are involved. We have shown previously
that residual dipolar coupling (RDC) data can be
used to characterize tightly associated homodimeric
structures.® Here we present an NMR methodology
that can provide structures of even weakly associat-
ing homo-oligomer complexes in the absence of NOE
data.

Traditionally, determination of homo-oligomeric
protein structures by NMR has relied on distance in-
formation derived from intermolecular NOE cross-
peaks. In a symmetric homo-oligomer complex, how-
ever, NOEs associated with close approach of proton
pairs across a multimer interface must be distin-
guished from those associated with the same pair of
protons, but within the same subunit. This distinc-
tion is difficult because resonances for protons in
equivalent sites of different subunits are degenerate.
Isotope filtering strategies have been devised to deal
with this problem.®® A protein preparation having a
uniform high level of enrichment in isotopes such as
13C is mixed with a preparation having only natural
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abundance in '2C. Selective excitation of protons
with covalent bonds to '2C sites followed by NOE
transfer and detection through protons bonded to
13C sites allow selective detection of intersubunit
NOEs. Sensitivity of this experiment is maximally
50% that of a conventional NOE experiment and it
suffers from background generated by the 1% natu-
ral abundance of 3C. For weak complexes there are
additional problems. For a homodimer with a disso-
ciation constant of 100 uM and at a monomer equiv-
alent concentration of 300 pM, just 66% of the pro-
tein is in the dimeric state reducing the sensitivity
further. Also, weak complexes tend to have fewer
hydrophobic contacts that generate most intersubu-
nit NOEs.

RDCs are easily measured orientation-depend-
ent NMR parameters used most commonly to report
the backbone N—H bond orientation for each residue
in the protein.? They are measured as additions to
scalar couplings in modified HSQC or TROSY spec-
tra that occur under conditions of partial orientation
of the complex in a magnetic field, and require no
more prior work other than the assignment of the
backbone resonances in these spectra. When a struc-
ture for the monomer unit of a homo-oligomeric com-
plex is known (from NMR or X-ray studies), analysis
of the RDCs provides information on the orientation
of the alignment frame in terms of molecular coordi-
nates. For multimeric complexes, one of the princi-
pal axes of the alignment frame must be parallel to
the oligomer symmetry axis, and it is possible to use
this information to restrict the orientation between
subunits of multimeric complexes.!%*

The NOE independent approach described here
follows previous work of Wang et al. who used a
combination of restraints from RDCs and a residue
pair scoring function to generate a dimer model of a
high affinity complex.® The work built on an X-ray
crystallography study of the Ykud protein (North-
east Structural Genomics target SR360) which pro-
vided a reliable monomer structure but two alterna-
tive dimer structures. Two independent alignment
media were used to remove the three-fold ambiguity
in identifying the symmetry axis. The initial dimer
model was generated by rotating the first monomer
unit by 180° about that axis to produce a second
monomer unit. A grid search algorithm was then
employed to explore translational degrees of freedom
for the second monomer unit. The final dimeric mod-
els of Ykud, were selected using scores based on the
approach of shape dependent simulated RDCs'2 to
experimental RDCs, residue pairing potentials for
interfacial residues, and van der Waals interaction
energies.

There have recently been other excellent exam-
ples of NOE independent approaches for determina-
tion of oligomeric structures using RDCs as an ori-
entation restraint.>!®1* A weakly associated hetero-
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oligomeric complex was solved by Ortega-Roldan et
al. using RDC orientational restraints along with
chemical shift perturbations.!®> Dimer RDCs were
extracted by titrating isotopically-enriched monomer
A with unlabeled monomer B and the complex was
assembled using the alignment tensors calculated
from four types of RDC measured in a single me-
dium. An alternate approach for determining the
structure of homo- and hetero-oligomer complexes
was demonstrated by Wang et al. using one set of
RDCs as orientation restraints in combination with
small-angle X-ray scattering (SAXS) data as the
main shape restraint in a three-dimensional orienta-
tion grid search.'*

In this work, we expand the RDC-assisted mod-
eling method used in the study of Ykud to extend
applications to proteins that associate weakly. The
updated methodology begins with the acquisition of
concentration dependent RDC data in two different
alignment media. The RDC information for the pure
dimeric state is then extrapolated from experimental
RDC data sets using the dissociation constant
derived from concentration-dependent chemical shift
data. The extrapolated RDC values from the two
alignment media are then used to determine the
symmetry axis of the dimer, allowing the dimer mod-
els to be built using the same simple grid search. A
paramagnetic perturbation study,'®2° based on
shielding of the dimer interface from spin relaxation
enhancements has also been added to validate the
structures found.

The focus of this study is the Northeast Struc-
tural Genomics Consortium target, SeR13, an 86
residue, negatively-charged protein from Staphylo-
coccus epidermidis (UniProt ID Q8CSK1, Gene
name SE_1124). The structure of this protein as a
monomer was determined by NMR methods and the
details of those methods are reported here. The
monomeric structure was previously deposited to the
Protein Data Bank (PDB) with accession number
2K1H. The determination of its dimer structure pro-
vides validation of the monomer structure as well as
association characteristics that may have regulatory
functions. The protein’s highly conserved amino acid
sequence suggests that it is related to the nitrogen
fixation network family and is homologous to the N-
terminal domain of the NifU protein in bacteria,
which is necessary for Fe-S cluster biosynthesis.?* A
ligand screening study on the homologous protein
from Staphylococcus aureus (SAV 1430, NESG ID:
ZR18), suggested it preferentially binds a p-Tyr
group at its active site, which, by homology, includes
the SeR13 residues 16-P10, T14-K16 and 161-V63.??
This suggests that SeR13 may form complexes with
other proteins carrying a phosphorylated tyrosine.
Additional lines of evidence suggest SeR13 may
interact with a protein encoded by the gene
SE_0630, which is homologous to the C-terminal do-
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main for NifU and is predicted to act as a reductase
in complex with NifS.2%23 The biological function of
SeR13 has not been identified experimentally, but
based on these results a speculative function could
include regulation of SE_0630 activity, possibly
mediated by phosphorylation of one of the abundant
phosphorylation sites on SE_0630.22

We anticipate that information on the structure
of SeR13 and identification of interaction surfaces,
even in a homodimer situation, will be useful in
deriving and understanding functional characteris-
tics. The dimer structure presented may participate
in competitive protein-protein associations that more
directly influence its function. Hence, in addition to
documentation of a new protocol for the structure
determination of weakly associating symmetric
homodimers, important structural information on a
previously uncharacterized protein is presented.

Results

Determining the monomeric structure of SeR13
A number of screening experiments, pulsed-field-
gradient diffusion, dynamic light scattering, and
concentration dependent chemical shifts indicated
the presence of a monomer-dimer equilibrium for
SeR13. Because the equilibrium favored the mono-
mer, structure determination as a monomer was
pursued, but with caution. The backbone assignment
of SeR13 resonances was obtained using standard
triple resonance experiments.?! Out of 86 amino
acids, 81 (non-Proline) residues were assigned. The
assignments have been deposited under the biologi-
cal magnetic resonance data bank (BMRB) accession
number 15678. The distance restraints for SeR13
were derived from °N-edited NOESY-HSQC and
13C-edited NOESY-HSQC spectra using a 1 mM
uniformly 2C,®N-enriched SeR13 sample.??28 The
locations of the interfacial residues were identified
by concentration-dependent chemical shifts and par-
amagnetic perturbation studies. NOE distances
restraints for these residues were carefully assigned
to exclude possible intermolecular NOEs. The initial
structure for SeR13 was generated by CYANA using
a combination of manually assigned and auto-
assigned NOE peaks.?’ The structures were further
refined in XPLOR-NIH using the NOE distance
restraints produced by CYANA, dihedral angle
restraints, and RDC’s measured in DMPC/DHPC
bicelle (Bicelle) and negatively charged compressed
polyacrylamide gels (Gel).?° Weightings for RDC
data were set to generate final @-factors of 0.10—
0.15, which are consistent with the expected accu-
racy of the RDC data.®! The 10 structures with the
smallest number of violations have a backbone
RMSD value of 0.5 A for the secondary structure or-
dered region (RCSB accession number 2K1H). The
ribbon representation of the ensemble is shown in
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Figure 1. The ensemble of 10 structures with the least
distance violations showing the monomeric form of SeR13
calculated using XPLOR-NIH. The coordinates for SeR13
have been deposited in the protein data bank with an
accession code of 2K1H. The colors in the display progress
from blue to red based on sequence.

Figure 1 and the structural statistics for SeR13 are
shown in Table I.

The structure determined for SeR13 is a two
layered o/f protein with an anti-parallel B-sheet
formed by nonsequential segments of the protein,
and two anti-parallel o-helices. The chemical shift
index analysis and the prediction of TALOS?? indi-
cated that residues D2 to S7 and F28 to Y31 have
high B-strand propensities, but the solution struc-
ture of SeR13 shows a flexible loop for these regions.
This inconsistency is likely due to the lack of suffi-
cient NOE restraints in these regions and the fact
that no hydrogen bond restraints were used during
the calculation.

Concentration-dependent chemical shift studies
To determine the dissociation constant for the dimer
SeR13, concentration-dependent chemical shift stud-
ies were carried out. Dilution studies of SeR13 were
performed over concentrations ranging from 0.025 to
2.1 mM. ®’N-'H HSQC spectra collected over this
range are shown in Figure 2(A). The changes in ‘H
and °N chemical shifts as a function of protein con-
centration [Fig. 2(B,C)] were used to calculate the

1676 PROTEINSCIENCE.ORG

self-dissociation constant for SeR13 using a 1:1 bind-
ing model and Eq. (1) of the Materials and Methods
section; a K4 of 34 = 1.4 mM was determined.
Accordingly, about 30% of the protein is in the di-
meric form under conditions used in monomer struc-
ture determination. This could partially explain, a
failure to observe intersubunit NOEs.

The 'H-'°N backbone chemical shifts shown in
Figure 2 can also be used to suggest a dimerization
interface. The changes in both °N and 'H chemical
shifts observed at dilutions from 2.1 mM to 0.025
mM were normalized and converted into a simplified
combined score (Ady,m) as suggested by Farmer et
al. and are presented as a function of sequence in
Figure 3(A).3® These shifts are color coded on the
molecular representation in Figure 3(B). It is clear
that the perturbed region is largely on the B-sheet
face of the protein and not on the helical region. The
loops (I4 and T9) show some perturbation, as
depicted in the structure presented. These perturba-
tions could indicate that the loops are involved in
the dimerization surface or that some allosteric rear-
rangement occurs during the dimer formation.

Paramagnetic studies using Gd-DTPA

Protection from paramagnetic relaxation enhance-
ment (PRE) can identify residues that comprise the
dimerization interface. Paramagnetic agents that
weakly associate with protein surfaces can shorten
Ts spin relaxation times, leading to loss of signal
during coherence transfer and coupling refocusing
periods of HSQC experiments. If access to these
surfaces is inhibited on dimerization, the loss of sig-
nals in the contact region is reversed.'® PRE studies
on SeR13 were carried out using two different pro-
tein concentrations (0.1 and 1.9 mM) in the presence
of 1 and 2.5 mM Gd-DTPA respectively. Amide
resonances that experienced a protection from Gd-

Table I. The Structural Statistics of Monomeric SeR13
Solution Structure

No. of NOE-derived distance restraints

Intraresidues 103
Sequential 287
Medium range 188
Long range 331
Total 909
No. of backbone dihedral angle restraints 135
RDC
NH gel 51
NH bicelle 52
RMSD (A) All  Ordered
Backbone 0.7 0.5
All heavy atoms 1.3 1.1
Backbone dihedral angle distribution
% in most favored region 83.3
% in additionally allowed region 15.0
% in generously allowed region 1.7
% in disallowed region 0

Weak Homodimers by RDCs
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Figure 2. Concentration dependent chemical shift studies of SeR13. (A) The stacked '°N-'"H HSQC spectra of SeR13 with
protein concentration of 0.025, 0.5, 1.0, 1.5, and 2.1 mM are shown in red, orange, yellow, magenta, and cyan, respectively.
The self-dissociation constant of SeR13 was obtained by monitoring the chemical shift changes as a function of protein
concentrations. The fitting of chemical shifts assumes a 1:1 protein-protein complex. (B) 'H of L19 and (C) "°N of Y56.

DTPA-enhanced relaxation are shown in Figure
4(A), where the differences in intensity compared to
a standard containing no Gd-DTPA for each condi-
tion were normalized and compared to the mean.
Residues showing the largest changes in protection
are depicted as a function of sequence in Figure
4(A). The positions of these perturbed residues on
the structural model are shown in Figure 4(B).

The regions highlighted in red are in general
agreement with the chemical shift perturbation
data; the primary areas of protection on dimeriza-
tion are located on the B-sheet face. There are a few
regions on the outer loops that show enhanced, as
opposed to reduced, relaxation upon dimerization.
This enhancement is possibly due to the clustering
of some positively charged groups upon dimer forma-
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tion. Gd-DTPA has a net negative charge and associ-
ation with these regions may increase in dimer for-
mation. While neither chemical shift perturbation
nor PRE protection are unambiguous indicators of a
dimerization interface, their common perturbation of
residues on the B-sheet face adds confidence to the
identification of this surface as the dimerization
interface.

Symmetry axis constraints on SeR13
dimerization

Given the qualitative nature of identification of a
dimerization interface by chemical shift perturbation
and PRE protection, we sought a more quantitative
source of geometry restriction to build a model for
the SeR13 dimer. It is well known that for a
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Figure 3. (A) The combined "N and 'H chemical shifts perturbations of each resonance for SeR13 between 0.1 and 2.1 mM.
(B) The backbone of residues with amide chemical shift perturbations > 0.1 Ay, are shown in red (L19, N26, S27, F28, T29,
Y56, D59, F60, 161, S62, and 163). The backbone of residues with amide chemical shift perturbations of < 0.1 but greater
than 0.04 Agom are shown in orange (14, T9, K16, S18, T29 and D59). Residues that show chemical shifts changes but are

overlapped with another crosspeaks are shown in black.

symmetric dimer aligned by any source of molecular
interaction, one of the axes of the alignment tensor
must lie along the symmetry axis.'® RDCs col-
lected on 'H-'®N pairs in structured regions of the
protein can be used to define the alignment frames
in multiple media, and for a tight dimer the symme-
try axis can be identified as the alignment frame
axis which is preserved among different alignment
media.??* For weak dimers it is important to realize
that the measured RDC values will be the average
of the monomer and dimer values. For SeR13 this
complication could be addressed by extrapolating
RDCs measured at a series of concentrations to
RDCs at infinite concentration.

RDCs were measured in negatively charged
compressed polyacrylamide gels (7%) using protein
concentrations of 0.20, 0.46, 1.00, and 2.10 mM.
SeR13 was also aligned in a 4.2% bicelle using pro-
tein concentrations of 0.15, 0.60, and 0.90 mM.
RDCs for each residue were plotted against the frac-
tion (f) of dimer calculated from the equilibrium con-
stant. The RDCs for dimeric and monomeric popu-
lated states were extracted using a linear least
squares curve fitting method, where the Y-intercept
at f = 0 is the predicted RDC for the monomer and
the Y-intercept at f = 1 is the predicted RDC for the
dimer [Fig. 5(A)]. To avoid complications in data
analysis, only the RDCs from the ordered region of

(A)

o

I

Paramagnetic Protection

Residue Number

Figure 4. (A) Comparison plot of protection from paramagnetic relaxation enhancement on increasing SeR13 concentration
from 0.1 to 1.9 mM in the presence of 1.0 and 2.5 mM Gd-DTPA, respectively. (B) Regions where the protection factor

decreased by more than one standard deviation are shown in blue (A33, A34, G37, E49, G50, K52, A69, W71, and N72) and
regions where protection increased by more than 1 standard deviation are shown in red (V17, L19, S20, Y56, V57, D59, 161,

and 163).
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the SeR13 protein were used in this analysis. Repre-
sentative plots are shown in Figure 5.

The validity of the RDC analysis and appropri-
ateness of the monomeric model can be assessed by
comparison of measured and back-calculated RDCs.
A plot of these data for the 0.9 mM Bicelle data, the
2.1 mM Gel data, and the projected dimer values for
each is shown in Figure 5(B). @ values correspond-
ing to these sets are 0.19, 0.13, 0.10, 0.23 for the 0.9
mM Bicelle data, the 2.1 mM Gel data, and the pro-
jected dimer values for each, respectively. Both the
measured and extrapolated RDC values are in good
agreement with the solution structure of SeR13.

The orientations of principal order tensor solu-
tions allowed within estimated RDC error limits
(10% of the RDC ranges) for both alignment media
for SeR13 are plotted on a Sauson-Flamsteed plot in
Figure 6(A). The differences in alignments between
the Gel and Bicelle media are not large, possibly due
to domination of steric alignment terms in both
media. However, there are clear differences in the
extent to which positions are conserved. The Gel Sxx

and the Bicelle Syy axes deviate by no more than
10° while the other pairs of axes deviate by 40-50°.
This clearly identifies the Gel Sxx/Bicelle Syy axis
as the Coy symmetry axis and this axis is shown as
red arrows in the molecular frame of the monomer
[Fig. 6(B)]. Identification of the symmetry axis was
unchanged when using the upper and lower limits of
the dissociation constant as defined by the error esti-
mates, and Euler angles for the alignment frame
specification deviated by less than five degrees at
these limits. The proper orientation of the second
subunit of the dimer was then generated by rotating
the monomer unit depicted by 180° about the sym-
metry axis.

Constructing the dimeric model of SeR13

After producing a pair of monomers related by a
180° rotation about the identified axis, a dimeric
model of SeR13 was constructed based on the grid
search algorithm previously used by Wang et al. to
model a symmetric homo-oligomer.® Details of this
procedure are given in the methods section. Out of

2 - 1 . : - T

A

Symmetry Axis

(B)
Gel Sxx

Bicelle Syy

IS
&)
=
[

Figure 6. Alignment axis directions for SeR13. (A) The possible principal order tensor solutions of SeR13 for bicelle and Gel
are plotted onto the Sauson-Flamsteed projection grid. (B) The directions of the order tensors are plotted onto the molecular
frame of SeR13 to illustrate the symmetry axis between the two alignment media.
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Figure 7. The dimeric models of SeR13. (A) The ensemble
of 10 structures with lowest energies. (B) The hydrophobic
interactions between the sidechains of F28, V57, and F60
of subunit A (red) and subunit B (blue) are shown in ball
and stick representations. (C) The ionic interactions
between sidechains of K16 and R23 of one subunit to the
sidechain of D59 and D64 of the other subunit are shown in
ball and stick representations.

5107 possible dimeric models (each with different X
and Z grid points), 29 models gave both acceptable
The
accepted dimeric models were then subjected to a
rigid body energy minimization by XPLOR-NIH with
the backbone atomic positions of protein fixed and

RDC correlations and residue pair scores.

the sidechains of the interface residues free to move.
The 10 structures having the lowest energy from the
XPLOR-NIH minimizations were selected and these
are presented as ribbon diagrams in Figure 7(A).
The RMSD for atomic positions of the 10 structures,
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not including and including sidechain atoms are
0.87 and 1.00 A, respectively.

Discussion

Examination of the structure produced suggests that
it is indeed a very reasonable structure. One com-
monly used criterion for identification of an oligomer
interface is the size of the interfacial area. In crystal-
lography an interface area of 400 A? is commonly
used as a minimum value to determine whether
contacts represent crystal packing artifacts or the for-
mation of a functional oligomer.3® The interface areas
of all ten structures, as determined using VMD (mea-
sure solvent accessible surface area functions)®® are
well above the cut off values of 400 A? with the aver-
age interface area being 736 A2 The residue-residue
contacts across the interface are also reasonable. The
sidechains of F28, V57, and F60 from subunit A form
hydrophobic interactions with the corresponding resi-
dues from subunit B [Fig. 7(B)]l. The sidechains of
K16 and R23 from one subunit also form a pair of salt
bridges with sidechains of D59 and D64 from the
other subunit, respectively [Fig. 7(C)].

Chemical shift perturbation and PRE protection
experiments also support the structure presented.
The majority of the residues experiencing chemical
shift perturbations are located on the B-strands
region of the SeR13. Of the 11 residues showing per-
turbations above 0.1 ppm, none of these residues lie
outside the interface region described earlier. Like-
wise, of the eight residues showing a PRE protection
factor greater than one standard deviation, none of
these residues lie outside the interfacial area. Many
of the residues experiencing protection from relaxa-
tion at higher protein concentration also experienced
a chemical shift perturbation.

Of more general interest is the demonstration of
an alternate, highly efficient approach to the deter-
mination of homodimer structures. The traditional
approach involving mixing of differentially isotopi-
cally labeled proteins and filtering for NOEs that
cross the interfacial boundary has been quite suc-
cessful,®® especially for tightly associating dimers.
However, for weakly associating systems, the inter-
molecular NOEs between the subunits can be diffi-
cult to observe for several reasons. One is that the
number of possible NOEs is usually smaller because
of more limited interfacial areas with hydrophobic
contacts. In addition, ion pair interactions seldom
bring nonexchangeable protons pairs within the 5 A
NOE limit. A second is that exchange between
monomer and dimer species at intermediate rates
can lead to exchange broadening of interfacial
resonances. A third is that contacts can be mediated
by pair wise interaction of equivalent residues, F28
with F28, for example, as occurs in the SeR13 struc-
ture. In these cases donating and accepting resonan-
ces can be equivalent and unresolved, or they can be

Weak Homodimers by RDCs



degenerate with intra-residue pairs that always give
NOEs. A similar situation exists with V57 and F60.

The amount and type of data acquired for the
new approach is typical of traditional protein struc-
ture determination. The differences are the use of a
combination of computational methods and the use
of RDC data to restrain the relative orientations of
subunits. RDC data, particularly 'H-°N data, are
easily acquired. Acquisition builds on the HSQC or
TROSY spectra normally used as a platform for ac-
quisition of assignment and NOE data in the course
of normal structure determination. RDC data are
also increasingly acquired for the purpose of improv-
ing the quality of normal NMR structures, and their
use in the additional step of determining an oligo-
meric structure may require little additional sample
and little additional acquisition of data. In what we
presented, we did acquire additional PRE protection
data, which proved to be useful in terms of validat-
ing the SeR13 dimer structure, but this may be
unnecessary in certain cases.

For the symmetric dimer case presented here
we took advantage of the requirement that one axis
of the principal alignment frame must coincide with
the Cov axis of the dimer. There are similar require-
ments for other symmetries; for example, a trimer
with three-fold rotational symmetry will display axi-
ally symmetric alignment with the unique alignment
axis along the three fold axis.?” This provides less
restriction on subunit geometry, but is still useful.
There are some homo-oligomer geometries for which
the approach will not work. For example, a complex
with tetrahedral symmetry will not align with
field induced alignment or the use of nematic liquid
crystals. For hetero-oligomeric complexes, of course,
one can determine alignment tensors independently
for each subunit and assemble a structure by
rotating subunits to superimpose principal axis
systems,%10:13:14.38

One of the primary limitations of the methods
described is that the structure of the monomeric
unit must be available. This structure could come
from existing crystal structures that may not show
the proper assembly for weak complexes, or it could
come from NMR based structure determination. In
the latter case, one must be aware that mis-interpre-
tation of intersubunit NOEs as intra-monomer
NOEs can lead to distortion of monomer struc-
tures.?9™*3 To a certain extent it is possible to avoid
building errors into the dimer structures by restrict-
ing RDCs to those in well structured regions and
away from regions that show concentration depend-
ent chemical shifts or PRE protection. This was the
procedure followed in the case presented. Omitted
regions can be left mobile in the course of dimer
structure determination and residue contacts that
occur across an oligomer interface in derived dimer
structures can be used after the fact to screen for
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possible mis-assignments to intra monomer NOEs.
We can illustrate this process with the SeR13 struc-
ture by considering all contacts between protons on
different subunits that fall within a nominal 4.5 A
cut-off. For SeR13 these include 2 pairs that gave
rise to NOE crosspeaks observed and assigned to
intra-monomer interactions in the structure determi-
nation. But the list of contacts also includes 18 pairs
of proton-proton contacts, which would unambigu-
ously give rise to intermonomer crosspeaks in a tight
dimer structure. Crosspeaks for these pairs were not
initially observed or used in structure determina-
tion, and on further examination of NOE data, only
a single crosspeak for these pairs could be found.
Given the absence of crosspeaks for this unambigu-
ous set of intersubunit contacts, we believe the two
observed crosspeaks were intra monomer in origin
and were properly used in structure determination.
As discussed earlier there are logical reasons for the
absence of intermonomer NOEs, however, the ab-
sence of significant intermonomer NOEs does illus-
trate the potential problems in determining struc-
tures for weak dimers and underlines the unique
value of the approach presented here. In particular,
it would not have been possible to determine the di-
meric structure of SeR13 using X-filtered NOESY
approach,®® since the intermolecular NOEs would
simply be too weak to observe. Though it may be
possible to crystallize such weak dimers, in such cir-
cumstances crystal lattice interactions may domi-
nate, resulting in non-native oligomeric interactions
in the crystal. Hence, the method outlined in this
work is unique in its ability to provide structures of
weakly associating dimeric proteins that cannot be
reliably determined by any other method.

As pointed out in the introduction, there is rea-
son to believe that the SeR13 protein plays a regula-
tory role that requires protein-protein interaction.
Weak homo-dimerization interfaces may mimic
stronger hetero-dimer interfaces and provide guid-
ance in identifying such interfaces. They may also
play regulatory roles by competing with hetero-subu-
nits for dimer formation. Clarification of the exact
relevance of dimer formation must await further
functional characterization of SeR13.

Materials and Methods

Expression and purification of SeR13

NESG target SeR13 was cloned, expressed, and
purified based on the standard procedures of NESG
to produce a uniformly labeled protein sample for
NMR spectroscopy.***® The full-length protein was
cloned into a pET21b vector, along with a S28F
mutation and a short noncleavable C-terminal hexa
His tag. The transformed cells were cultured
at 37°C in MJ9 minimal medium®® containing
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(**NH,)3S0, and U-'3C-glucose as the sole nitrogen
and carbon sources, respectively. SeR13 was purified
using an AKTAexpress FPLC apparatus with a two-
step protocol consisting of HisTrap HP affinity and
HiLoad 26/60 Superdex 75 gel filtration chromatog-
raphy. The purity of SeR13 (>98%) was verified with
SDS-PAGE and MALDI-TOF mass spectrometry.

NMR experiments

All NMR experiments were performed on a Varian
Inova 600 MHz spectrometer equipped with a cryo-
genically cooled probe. The pulse sequences were
supplied by Varian as part of the BioPack distribu-
tion. The NMR spectra for resonances and NOE
assignments were collected using protein concentra-
tions of 0.9-1.1 mM prepared in 0.02% NaNjs, 10
mM DTT, 5 mM CaCl,, 100 mM NaCl, 1x Protease
Inhibitors, 20 mM MES pH 6.5, 10% Dy0O, 50 uM
DSS at 25°C. Sequence-specific backbone resonance
assignments for SeR13 were determined using
HNCO, HNCA, HN(CO)CA, HNCACB, and CBCA(-
CO)NH experiments. The side chain assignments for
SeR13 were carried out using CCONH, HCCH-
TOCSY, and '°N-edit TOCSY-HSQC experiments.
The NOE distance restraints for structural calcula-
tion were derived from °N-edited NOESY-HSQC
and 2C-edited NOESY-HSQC (for both the aliphatic
and aromatic regions). NMR data were processed
using NMRPipe and analyzed using SPARKY soft-
ware packages.*647

The protein concentration was measured with
€950 = 8480 M~! ecm™? for SeR13. NMR samples for
concentration dependent studies were prepared by
diluting protein samples using buffer with the fol-
lowing composition 0.02% NaNs, 10 mM DTT, 5 mM
CaCly, 100 mM NaCl, 1x Protease Inhibitors, 20 mM
MES pH 6.5, 10% D,0, 50 uM DSS. ®N-'H HSQC
spectra were acquired for SeR13 at protein concen-
trations of 0.025, 0.1, 0.25, 0.50, 0.75, 1.0, 1.35, 1.56,
1.76, and 2.1 mM at 25 °C.

Paramagnetic surface mapping studies were car-
ried out using gadolinium complexed with diethyl-
enetriamine penta-acetic acid (Gd-DTPA) as a para-
magnetic relaxation agent. °N-'H HSQC spectra
were acquired for SeR13 with protein concentrations
of 0.1 and 1.9 mM without Gd-DTPA as diamagnetic
references. °N-'H HSQC spectra were acquired
with protein concentrations of 0.1 and 1.9 mM in the
presence of 1.0 mM Gd-DTPA for paramagnetic per-
turbation studies plus an additional point at 2.5 mM
Gd-DTPA.

All RDCs for SeR13 were measured from an
interleaved TROSY HSQC set of experiments.*®
SeR13 was first aligned in a 4.2% DMPC/DHPC
bicelle (4.9:1 ratio) medium using protein concentra-
tions of 0.15, 0.6, or 1.0 mM. The deuterium split-
ting for these samples was 8.63, 5.68, or 8.28 Hz,
respectively.®® SeR13 was also aligned in a nega-
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tively charged (50% 2-acrylamido-2methyl-1-pro-
panesulfonic acid + 50% acrylamide) compressed gel
medium (Gel) using protein concentrations of 0.2,
0.46, 1.0, or 2.1 mM.>® The negatively charged gel
was initially cast in a 3.2 mm diameter plastic tube
by overnight polymerization. The polymerized gel
was washed in deionized water (two cycles over a pe-
riod of 2 days), followed by washing with protein
buffer to equilibrate the pH (two cycles over a period
of 2 days). Finally, the gel was washed with deion-
ized water to remove the buffer (two cycles over a
period of 2 days). The swelled gel (~7 mm diameter)
was trimmed to a length of 35 mm and dried at
room temperature for 2 days. The gel pellet was
swollen in a 5§ mm Shigemi NMR tube using the pro-
tein solution. The plunger of the Shigemi tube was
fixed at a height of 14 mm from the bottom of the
tube.

Structure calculations

The backbone dihedral angles for SeR13 were pre-
dicted using TALOS based on the assigned chemical
shifts of HA, CA, CB, CO, and N.?2 The structure cal-
culations for SeR13 were initially done using CYANA
with 634 manually assigned and 305 CYANA auto-
matically assigned distance restraints.??*! During
the optimization stage for the NOE distance and di-
hedral angle restraints, 50 structures were calculated
by CYANA and 20 structures with the lowest target
energies were selected for analysis. For incorporation
of RDC data, starting Da and R values for 0.6 mM
SeR13 aligned in a bicelle medium were calculated
from principle order parameters determined in RED-
CAT (4.39 and 0.44, respectively).?? Similarly, the Da
and R for 0.46 mM SeR13 aligned in a negatively
charged compressed gel medium were calculated as
—17.54 and 0.32, respectively. The structural refine-
ment was performed using NOE distance, dihedral
angle, and orientation restraints based on the proto-
col described in the gbl_rdc example supplied with
XPLOR-NIH and the top 10 structures with the low-
est NOE violations of the 50 calculated structures
were selected for final structure deposition.?°

Concentration dependent dilution study

The resonances for residues with perturbed chemical
shifts were assigned by following crosspeak move-
ment as functions of concentration starting with the
assigned reference spectrum collected at 1 mM pro-
tein concentration. The dissociation constant for
SeR13 was calculated using both nitrogen and back-
bone amide proton chemical shifts fitting to an equa-
tion for dimer formation [Eq. (1)].

Ky — /K2 + 8K4P
Sobs = (Sp — Om1) (1 + ‘ ) +dm (1)

4P
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Here, dp is the chemical shift of the dimer, &y is
the chemical shift of the monomer, &, is the
observed chemical shift, Ky is the dissociation con-
stant of the SeR13 dimer, and P is the concentration
of total protein. The changes in both N and 'H
chemical shifts were combined and used as a single
variable according to Eq. (2).33

1/2
Adppm = {(HAESppm)Q“'(NABppm * O~17)2] 2)

Here, Ad;pm represents the combined 5N and
'H chemical shift changes, HA6ppm refers to the 'H
chemical shift changes, and . Adypm refers to the BN

_ I,(0.1 mM SeR13 w/Gd — DTPA) — I,,(0.1 mM SeR13 w/0 Gd — DTPA)

chemical shifts changes. A total of 36 individual
nitrogen and backbone amide chemicals shifts were
fitted with Eq. (1). The dissociation constant of
SeR13 dimer reported is the mean value of the 36
individual fits and the error value reported is the
standard deviation of those individual dissociation
constants.

Paramagnetic perturbation using Gd-DTPA

The resonances for residues with intensity perturba-
tion were assigned based on the reference spectrum
collected at 1 mM protein concentration with no Gd-
DTPA. The paramagnetic protection factor (P,) was
determined using Eq. (3):

P, =

Here, I,, refers to the intensity of resonance n
observed under the conditions specified in the brack-
ets. These ratios were then compared to the mean
for all residues.

RDC analysis

The RDCs for the dimeric populated state of SeR13
(RDCp) were extracted using a linear least square
fit of Eq. (4) to experimental RDCs (RDC,s).

Ky — K2 + 8K4P
RDCyye — (RDCp — RDCyr) (1 P

4P
+RDCy  (4)

The equation describes the observed RDCs as a
function of protein concentration, P, for a simple
homodimer with dissociation constant, K3. RDCy is
the RDC of the monomer.

The program, REDCAT, along with the mono-
mer protein structure (model 1 of 2K1H PDB), was
used to determine principal alignment frame axis
directions from RDCs at each concentration point
and at the dimer limit.’? REDCAT uses singular
value decomposition to obtain a set of allowed order
tensor solutions based on RDC error estimates. As
fixed N—H bond lengths and planar amide groups
are assumed in these calculations, the effects of real
variations in NH bond lengths and real deviations
from peptide planarity®® must be included in the
error estimates; 10% of the RDC range was, there-
fore, used in estimating errors. Experimental errors
are well below this limit and are considered not to
contribute. The principal axes of the alignment ten-
sor for all order tensor solutions were plotted onto
Sauson-Flamsteed plots to depict allowed axis direc-
tions, and the Cgy axis was identified based on the
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3

I,(1.9 mM SeR13 w/Gd — DTPA) — I,,(1.9mMSeR13 w/o Gd — DTPA)

near overlap of one of the axis directions for the two
media. The principal axes of the alignment tensors
for both Bicelle and Gel media were placed onto the
molecular frame of the PDB using the visual molecu-
lar dynamics (VMD) software package with the ori-
ent script.>®

Grid search algorithm and model evaluations
The dimeric models of SeR13 were constructed using
the grid search algorithm previously used by Wang
et al.® First, the monomer of SeR13 was fixed at the
center of the grid. A second monomer was then
generated by rotating the initial monomer by 180
degrees around the dimer symmetry axis. SeR13 is a
fairly spherical molecule with a size of ~35 A on
each dimension. The grid search was, therefore, per-
formed using 70 grid points for both X and Z axes
where 1 A represents 1 grid point. Models were
rejected if any two intermolecular backbone atoms
came closer than 4 A. Models were also rejected if
closest intermolecular atomic distance was greater
than 2 A. The side chains of the interfacial residues
of the proposed dimeric models from the grid search
were subjected to 500 ps molecular dynamic simula-
tion followed by energy minimization (NAMD and
CHARMM?22 force field, respectively).>*

The proposed dimeric models of SeR13 were
then evaluated based on the correlation between the
measured and simulated RDCs along with a residue-
pairing score. The simulated RDCs were calculated
using PALES'? in the steric bicelle mode with an rM
of 385 A. The residue-pairing score came from associ-
ating the residue pairs in the interfacial area with
likelihood statistics observed for those pairs in high
resolution X-Ray structures.?® The residue-pairing
score compliments well the RDC correlation score as
there are multiple minima in the RDC score due to
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the shape degeneracy of the dimer models The pair-
ing scores ranged from 10.96 for the most favorable
pairs to —10.41 for the least favorable. The best di-
meric models were selected based on a set of criteria
including a Pearson correlation coefficient for RDC
comparisons >0.80 and a sum of residue-pairing
scores >0. The selected models were then further
refined in XPLOR based on the rigid body approach
where all of the residues were fixed with the excep-
tion of side chains of the interface residues. The
simulated annealing processes were initiated at a
temperature of 5000 K, cooled to 100 K in 10,000
steps, and finished off with Powell minimizations.
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