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Strategies for protein-based nanofabrication: Ni2+-NTA as a
chemical mask to control biologically imposed symmetry
Michael J Dabrowski', Jing Ping Chen?, Huaiqiu Shi2, Wei-Chun Chin? and

William M Atkins?

Background: Technologies that improve control of protein orientation on
surfaces or in solution, through designed molecular recognition, will expand the
range of proteins that are useful for biosensors, molecular devices and
biomaterials. A limitation of some proteins is their biologically imposed
symmetry, which results in indistinguishable recognition surfaces. Here, we
have explored methods for modifying the symmetry of an oligomeric protein that
exhibits useful self-assembly properties.

Results: Escherichia coli glutamine synthetase (GS) contains 24 solvent-
exposed histidines on two symmetry-related surfaces. These histidines drive a
metal-dependent self-assembly of GS tubes. Immobilization of GS on the
affinity resin Ni2+-NTA followed by on-column modification with diethyl
pyrocarbonate affords asymmetrically modified GS that self-assembles only to
the extent of ‘short’ dimeric GS tubes, as demonstrated by electron
microscopy, dynamic light scattering and atomic force microscopy. The utility of
Ni2+-NTA as a chemical mask was also demonstrated for asymmetric
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modification of engineered cysteines adjacent to the natural histidines.

Conclusions: Current genetic methods do not provide distinguishable
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recognition elements on symmetry-related surfaces of biologically assembled
proteins. Ni2+-NTA serves as a mask to control chemical modification in vitro of
residues within symmetry-related pairs, on proteins containing functional His-
tags. This strategy may be extended to modification of a wide range of amino

acids with a myriad of reagents.

Introduction

Although the commercial utility of protein-based devices
remains speculative, proposed applications include biosen-
sors, bio-optics, drug delivery and other biomaterials [1-4].
Ultimately, the range of applications might be limited only
by our ability to design proteins with novel properties.
Design of novel protein-based materials requires controlled
deposition of proteins on surfaces or specific arrangement of
the individual components in multiprotein aggregates [5-7].
Recombinant DNA methods are used routinely to achieve
such control. Fusion-protein technologies that exploit spe-
cific binding domains of glutathione S transferase, strepta-
vidin or maltose-binding protein exemplify the strategy of
incorporating ‘molecular handles’ into proteins for attach-
ment to their cognate receptors on functionalized surfaces
[8,9]. Similar approaches include incorporation of ‘histidine
tags’ and surface cysteines. Through incorporation of cys-
teines or histidines at strategic locations, the specific orien-
tation of many proteins at gold surfaces or metal-chelating
lipid interfaces can be controlled [10-14]. Although these
strategies are adaptable to many proteins, their utilicy may
be severely limited for more complex, multisubunit pro-
teins that possess high-order symmetry, or proteins for

which amino-acid substitutions leads to unanticipated
changes in expression, stability or function. For complex
oligomeric proteins, their inherent symmetry might prevent
fabrication of self-assembled aggregates with distinguish-
able molecular surfaces. For example, tetrameric strepta-
vidin is a commonly used biotechnology reagent exploited
for affinity technologies and as a ‘molecular adapter’ for
construction of complex multicomponent arrays of defined
molecular topology [15,16]. Due to the symmetry of the
streptavidin tetramer, however, any changes within the
protein architecture introduced by recombinant DNA
methods will be expressed on all equivalent surfaces within
the tetramer. An elegant method for bypassing the biolog-
ically imposed symmetry involved denaturation and
refolding, i» vitro, of mixtures containing chemically dis-
tinguishable streptavidin variants. Upon refolding, it was
possible to isolate streptavidin chimeras with chemically
distinguishable molecular surfaces that might be useful in
drug-delivery protocols or nanofabrication [16].

This approach, however, requires the ability to reversibly
denature the biologically assembled aggregate and to
isolate the resulting chimeras. In as much as many
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Dodecameric ring structure of glutamine
synthetase (GS). (a) Face-on view along the
six-fold axis of symmetry (black dot) that runs
through the ring structure. The amino-terminal
helix of each subunit is shown (blue). The
outer diameter of the ring structure is 140 A,
(b) Edge-on view with the six-fold axis rotated
to run vertically. The amino-terminal helix on
each subunit is shown now in red. The vertical
height of the dodecamer is 107 A, (¢) Two
GS dodecamers have been stacked along the
six-fold axis, which is oriented as in (a), and all
residues other than the set of amino-terminal
helices at the protein—protein interface have
been removed. One GS dodecamer provides
the blue helices and the second provides the
red helices. At each helix-helix interface, two
metal-binding sites are generated, between
His4s and His12s. The sidechain of Met8 is
also shown. Moving from the sixfold axis of
symmetry towards the outer diameter of the
ring structure, each helix—helix pair presents
two His12s, two Met8s and two His4s.
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oligomeric proteins can not be refolded with high yield to
homogeneous ensembles, strategies that allow for intro-
duction of asymmetry in complex protein aggregates might
expand the range of proteins that can be exploited as ‘scaf-
folds’ or ‘adapters’ in protein-based materials. Here, we
demonstrate with glutamine synthetase (GS) the utility of
a commonly used affinity resin, Ni?*-NTA, as a chemical
mask that allows for controlled, asymmetric, chemical mod-
ification of proteins with useful self-assembly properties.

Escherichia coli GS is a dodecameric, ‘double donut,’
assembly composed of two face-to-face hexameric rings
(Figure 1; [17]). In the presence of Zn?+, Cu?* and other
transition metal ions, the dodecamers ‘stack’ to form
protein tubes, and may subsequently associate laterally to
yield three- or seven-stranded ‘ropes’ [18]. The metal-
dependent self-assembly process is driven by the forma-
tion of intermolecular metal-binding sites at each
dodecamer—dodecamer interface. Each dodecamer
donates six short amino-terminal o helices that contain
His4-X,—-Met8-X,-Hisl12. The available data suggest
that His4 sidechains and His12 sidechains from adjacent
dodecamers provide ligands to different metal-binding
sites (Figure 1). The resulting protein—protein interface
binds 12 metal ions [19-21]. We have explored the utility
of E. coli GS as a model for rational engineering of
protein aggregates with novel self-assembly properties
[22,23]. One feature of the GS self-assembly reaction that
we have been unable to control previously is the length

of tubes generated upon addition of metal ions. The self-
assembly process continues until metal ions or protein
molecules are exhausted. This limitation is a direct result
of the biologically imposed symmetry of the molecule.
The methods described here provide a simple basis for
alteration of this symmetry, which allows for metal-
dependent assembly of dimeric, ‘short,” GS tubes that
orient with marked axial preference on mica surfaces. In
principle, this strategy could be extended to other pro-
teins for which strategically located His tags or cysteines
can afford highly oriented protein-resin complexes that
result in masking of specific protein surfaces.

Results and discussion

Optimization of on-column modification

We hypothesized that due to multiple, cooperative,
binding sites on each flat face of the GS dodecamer,
several histidines on the same face of GS would be
chelated to a Ni%*-NTA surface. Based on the manufac-
turer’s specifications, a surface density of 0.02 Ni2*
atoms/AZ resin was calculated. Assuming that GS makes a
footprint of ~140x 140 A on the surface of a bead, then
each GS dodecamer would have access to at least ten Ni?*
ions, and would have a slow off-rate. Thus, ‘with short
times of exposure to the histidine-specific modification
reagent diethyl pyrocarbonate (DEPC), only one flat face
of the GS structure immobilized on an affinity resin or
surface would be modified. This strategy is schematized in
Figure 2. Using Figure 1a as a reference, only one blue face
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Figure 2
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Schematized strategy for asymmetric

modification of GS using Ni2t-NTA masking. }
His4 and His12 residue sidechains on only (a)
one face of the GS molecules can chelate

the Ni2+-NTA. (a) While immobilized, the GS

is treated with DEPC (magenta), washed, and |
eluted with imidazole. (b) After removal of ‘
imidazole, and addition of metal ions, the
asymmetrically modified GS dodecamers ‘
self-assemble into dimeric tubes and are
growth-arrested.
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of the GS dodecamer would bind to the NiZ*-NTA resin,
and the other face would be exposed. Notably, we showed
previously that not all of the His4 or His12 sidechains need
to be modified to abolish the stacking behavior [20].

In order to optimize asymmetric modification of GS,
several preparations of DEPC-modified GS were obtained
by varying the concentration of DEPC chromatographed
through the GS-loaded Ni2*-NTA column, and by varying
the total time of exposure of immobilized GS to DEPC
before washing and eluting. The conditions that afforded
the greatest control of the reaction are those described in
the Materials and methods section. For five preparations,
the extent of modification was 16.5 = 1.2 His-modified/GS
dodecamer. Because of the lability of the DEPC-modified
histidine sidechains under conditions required for amino-
acid sequence analysis, we were unable to identify the spe-
cific residues that were adducted. Presumably, histidine
residues other than the His4 and His12 were also modified,
but this does not decrease the utility of the strategy. Even
with some molecular heterogeneity due to differential
labeling, the resulting structures were remarkably homoge-
neous at the supramolecular level, as shown below,

Characterization of the functional properties of
asymmetrically modified GS

In cases where the biological function of protein compo-
nents used in nanofabrication is important, any strategy
used to align or orient proteins must preserve this func-
tion., The enzymatic activity of the modified GS was
therefore determined and compared with unmodified

samples. GS provides an interesting test case because in
addition to the histidine residues responsible for tube self-
assembly, an active-site histidine (His387) is required for
enzymatic activity. Comparison of modification-depen-
dent changes in self-assembly properties and enzymatic
activity therefore provides information about the relative
specificity of the modification protocol. Here, we have
used the standard y-glutamyl transferase assay to monitor
GS activity [20]. Unlabelled GS was used as a standard, to
which the activity of modified samples was normalized
(100%). GS labeled with DEPC in solution, in the absence
of Ni2*-NTA, exhibited 15% of the activity of unmodified
GS. In contrast, asymmetrically modified GS retained 55%
of the enzymatic activity of the control. As discussed
below, the metal-ligating ability of the asymmetrically
modified samples was sufficiently altered to yield excel-
lent control over the tube-assembly reaction. Thus, under
modification conditions, which yielded increased control
over the self-assembly process, significant enzymatic
activity was retained. Obviously, the extent to which bio-
logical function is altered by asymmetric modification pro-
tocols will depend on the modification reagent and the
identity of active-site residues.

Characterization of self-assembly properties of
asymmetrically modified GS

The self-assembly properties of asymmetrically modified
preparations of GS were initially characterized by 90°
light scattering (turbidity) and electron microscopy (EM),
to determine whether the modification had the expected
effect on dodecamer stacking. Whereas unmodified GS
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Figure 3

~]  Electron micrographs of asymmetrically

‘ modified GS before and after addition of

metal ions. (a) Asymmetrically modified GS,

no Cu?*, Individual dodecamers are observed.
A (b) Unmodified GS + 20 uM Cu?*, Stacked
tubes are assembled. (¢} Asymmetrically
modified GS + 20 uM Cu2+, A few dimeric
stacks are apparent on their sides, but most
molecules are ‘face up’.
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samples applied to the Ni?*-NTA column and eluted
without DEPC treatment readily self-assembled into long
tubes after addition of Cu?* or Zn?*, the dodecamers
treated on-column with DEPC clearly did not stack to
yield long tubes. The turbidity measurements revealed a
time- and metal-ion-dependent increase in scattered light
intensity much less prominent than observed with tube
assembly by unmodified GS, suggesting that either a
small fraction of GS molecules were forming tubes, or
that the self-assembly process was yielding only aggre-
gates with dramatically reduced dimensions. The EM
images revealed only a few dimeric stacks of GS on their
sides, after addition of metal ion, however (Figure 3).
The orientation of most GS molecules in EM micro-
graphs was face-up, for which it was not possible to distin-
guish individual GS dodecamers from dimeric stacks. In
control experiments, GS modified with DEPC prior to

immobilization on Ni2*-NTA did not subsequently bind
to the resin or stack in the presence of metal ions, indicat-
ing that both of the ‘stacking surfaces’ were modified.

In order to characterize more rigorously the size distribu-
tion of particles present in the, putatively, asymmetrically
modified GS, dynamic light scattering (DLS) measure-
ments were performed. DLS provides a sensitive probe of
the aggregation state directly in solution, without addi-
tional manipulation or staining [24]. The distributions of
particle sizes present in solution are summarized in
Figure 4, for various samples. For the GS-modified with
DEPC on the Ni?*-NTA resin, addition of metal ion
caused a 1.9 £ 0.2-fold increase in the mean particle size.
Also shown, are results for the addition of Cu?* to unmod-
ified GS, which yields a broad distribution of tubes
ranging from 6-12-fold larger in apparent size than the

Figure 4
Dynamic light scattering. (@) Asymmetrically
(@ © modified GS, no Cu?*. (b) Asymmetrically
o 1:004 o 1004 modified GS + 20 uM Cu2+. The mean
% g particle size increases twofold compared to
° 0.754 l 0.75+ (a). (€) Unmodified GS, no Cu2+.
3 3 50 (d) Unmodified GS + 20 uM Cu?*. A wide
it 0.50+ s 0.50+ distribution of particles sizes is obtained that
2 0.054 2 25 are 6~12-fold larger than GS dodecamers.
= I Particle sizes are normalized to GS
= 0.00- = 0.00- dodecamers in the absence of metal ions.
' S R A ' L A L L A Because no shape analysis has been
0 2 4 6 8 10 12 0 2 4 6 8 10 12 shape analysis nas
Normalized particle size Normalized particle size performed, sizes are ‘apparent.
(b) d)
® 1.00 o 1.004
Q %]
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g 2
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& &
0.004 0.004 T T ] T .
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Normalized particle size Normalized particle size
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Figure 5

GS tube

GS
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Atomic force microscopy image of GS. A GS monomer oriented face-
up lies at the end of a self-assembled tube. The inverted '
demonstrates the facile distinction between particles observed,
including the difference in vertical heights for GS dodecamers oriented
face-up (GS monomer) versus edge-on (GS tube).

unstacked GS dodecamers. When Cu?+ was added to GS
dodecamers treated with DEPC in solution, in the
absence of Ni2*-NTA resin, there was no shift in the par-
ticle size, which remained centered at a size correspond-
ing to individual GS dodecamers (data not shown). The
DLS results indicated that the asymmetrically modified
samples do not form large tubes, as indicated also by EM,
but they do aggregate in the presence of metal ions.
Moreover, the size of the aggregates based on DLS is
consistent with the formation of growth-arrested dimeric
stacks, as suggested by the scheme in Figure 2. From
these results, it remained unclear whether the particles
observed by EM were dimeric stacks oriented face-up, or
individual GS dodecamers resulting from a staining and
mounting procedure that disrupted the aggregate struc-
ture that had formed in solution.

Figure 6

An independent method for determining the aggregation
state and surface orientation of particles was therefore
sought using tapping-mode atomic force microscopy
(AFM). AFM provides direct measurement of dimen-
sions for particles on a surface, including ‘height’ above
the surface [25]. For biological molecules, absolute
dimensions measured by AFM may be inaccurate due to
lateral expansion or vertical compression. Many proteins,
however, have been visualized using AFM and, when
appropriate standards are available, precise relative
dimensions can be obtained. The GS system is particu-
larly suited to this analysis because the available X-ray
structures [17] provide a reference for relative dimen-
sions along each molecular axis. For example, in X-ray
structures the outer diameter of the GS ring is 140 A,
whereas the axial length of the dodecamer is 107 A,
resulting in an axial ratio of 1.30. This ratio of vertical
heights would be expected also for AFM images, if mea-
sured for a dodecamer sitting on-edge versus face-up.
The vertical dimensions for GS dodecamers sitting face-
up versus edge-on is apparent in the three-dimensional
AFM image in Figure 5, which reveals a GS dodecamer
face-up near the end of a self-assembled tube. The
resulting ‘1" structure contains all of the necessary vertical
and lateral dimensions required to characterize GS parti-
cles of different aggregation states. When GS molecules
clearly lie on-edge, as in self-assembled tubes, then the
vertical height provides a benchmark for the outer diame-
ter of the ring (Figure 6b). For these structures, the
lateral dimension across the tube provides a benchmark
for the same molecular dimension along a horizontal axis.
Section analyses of AFM images of the asymmetrically
modified GS before and after addition of metal are also
shown in Figure 6. In the absence of Cu?* (Figure 6a),
individual GS dodecamers that have been asymmetrically
modified afford vertical and lateral dimensions of 73 A
and 96 A, corresponding to a face-up orientation with an
axial ratio of 1.32, in excellent agreement with the ratio

Atomic force microscopy of GS and various
aggregation states. Images are shown for the
section analyses, two-dimensional
perspective, on top. (a) A single GS
dodecamer. (b) A GS tube obtained from
unmodified GS in the presence of Cu?+. (c) A
GS modified with DEPC while bound to Ni2+-
NTA, in the presence of Cu2+. The vertical
dimension in {c} is 2.02-fold larger than the
monomer and 1.63-fold larger than the outer
diameter of the GS ring.

(b) WTGS + metal

(c) GS Ni-DEPC + metal

riical distance: 9.6
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Distribution of particle sizes determined using AFM. Several AFM fields
of asymmetrically modified GS were subjected to detailed analysis.
The vertical heights (n = 68, four fields) were determined, and the
relative abundance is plotted. Vertical heights are indicated by arrows
for: A, face-up GS monomer; B, edge-on monomer; C, face-up dimer;
D, face-up trimer. The homogeneous distribution is centered at the
height expected for face-up dimers.

predicted by the X-ray structure. In the presence of Cu2*
(Figure 6¢) the vertical height increases 2.02-fold com-
pared with metal-free samples and the axial ratio is com-
pletely consistent with dimeric stacks oriented with the
sixfold axis of symmetry normal to the surface. Further-
more, the ratio of vertical heights of the dimeric stacks to
the ring outer diameter is 15.7/9.9 = 1.63, in agreement
with the ratio predicted by the X-ray structure, 1.53.
Interestingly, the population of dimeric GS stacks is
nearly uniform in its orientation, based on analyses of
several fields and preparations, which indicate a
monodisperse population on the surface. In fact, detailed
analysis of several particles in different AFM fields
reveals a remarkable degree of homogeneity in the parti-
cle size for asymmetrically modified samples. The distri-
bution of vertical heights measured for 68 individual
particles from four fields is summarized in Figure 7. The
population is centered at a particle size corresponding to
face-up dimers. Essentially no free monomers or face-up
trimers are observed, although a small fraction of mole-
cules on edge (monomers or dimers) may be indicated by
the presence of a few particles with vertical height 10 A.
The marked preference for face-up orientation on the
mica surface was fortuitous, but the AFM results furcher
support the suggestion that the EM images correspond
to dimeric GS stacks sitting face up. The combination of
EM, DLS and AFM indicate the success of the strategy
outlined in Figure 2.

Extension to other functional groups and use of
asymmetrically modified GS as a ‘molecular cap’

The utility of Ni2+-NTA as a chemical mask would be
extended greatly if amino-acid sidechains other than his-
tidine could be incorporated into the strategy. In order to
explore this possibility, we attempted to asymmetrically
modify a variant of GS, Met8—Cys (M8C), which con-
tains a surface cysteine between each His4 and each
His12 residue (Figure 1). We hypothesized that cysteine-
specific modification reagents would be inaccessible to
Cys8 residues on the GS surface immobilized on Ni2+-
NTA due to steric constraints. By analogy, the asymmet-
rically modified M8C would be rendered incapable of
metal-dependent stacking on one face, due to steric con-
straints. For these experiments, we exploited the cys-
teine-specific  fluorescent probe 7-diethyl-3-(4-mal-
eimidylphenyl)-4-methylcoumarin (CPM), and performed
on-resin modification to obtain 4.3 £ 1.0 CPM/dodecamer.
The wild-type GS was not labeled with CPM under iden-
tical conditions, due to the lack of surface exposed cys-
teine residues. M8C samples labeled with CPM accord-
ing to the scheme in Figure 2 exhibited similar
metal-dependent self-assembly properties as the asym-
metrically DEPC-modified GS (data not shown). Specifi-
cally, the M8C preparations formed dimeric stacks in the
presence of Cu®* or Zn?*. We hypothesized further that
the asymmetrically modified GS could be used as a ‘mol-
ecular cap,’ and stack at the end of a growing GS tube to
prevent further addition of GS dodecamers. We have
shown previously that unmodified M8C stacks at least as
efficiently as wild-type GS [19]. Thus, if varying ratios of
unmodified MS8C and asymmetrically modified
MS8C-CPM were mixed with metal ions, tubes of inter-
mediate length would dominate the final population.
Progress curves for stacking of reaction mixtures contain-
ing variable ratios of unmodified and asymmetrically
modified M8C—CPM are shown in Figure 8a, where the
total protein concentration increases, and the concentra-
tion of unmodified M8C is held constant. The growth
arrest of tubes is, therefore, not due to exhaustion of
protein components. As expected, the mean tube length
varied with ratio of protein components, although hetero-
geneity at, each ratio is still apparent by EM
(Figure 8b-d). In effect, the asymmetrically modified
MB8C~-CPM dodecamers are inhibitors of the self-assem-
bly process when unmodified M8C dodecamers are
present. A point of central importance is that such
inhibitors are inaccessible by recombinant DNA methods
alone. Although the data set is limited, it appears that the
apparent ‘K;” for inhibition of GS self-assembly by asym-
metrically* modified M8C—-CPM is ~50 nm. These results
not only confirm the success and utility of the asymmetric
modification described above, but they also suggest the
potential utility of the strategy for modification of residues
other than histidine to expand the range of components
available for protein-based devices.
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Figure 8

Asymmetrically modified GS as a molecular
cap. (@) Progress curves for MBC stacking

—~
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after addition of Zn2+ at variable ratios of
asymmetrically modified MBC-CPM
GS:unmodified M8C. The CPM-labeled M8C
inhibits the stacking reaction. All samples
contained 50 ug protein/ml unmodified M8C.
I, no asymmetrically modified GS. Il, lll, IV, V
contained 0.2:1, 0.6:1, 0.8:1, 1:1 modified
M8C-CPM:unmodified MBC. (b) EM
micrograph of 1. {¢) EM micrograph of Ill.

(d) EM micrograph of V.
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Specific applications of the asymmetric modification pro-
tocol, as applied to other proteins, can be envisioned by
analogy to other engineered proteins with distinct recogni-
tion surfaces. For example, drug-delivery protocols have
been suggested that exploit biotin—streptavidin interac-
tions [16]. Denatured streptavidin variants iz vitro may
afford asymmetric chimeras upon refolding, with distinct
biotin-binding sites on ‘opposite’ faces of the tetramer. In
proposed drug-delivery schemes, one face of the asymmet-
ric streptavidin tetramer is loaded at the ‘high-affinity’
biotin-binding sites with a biotinylated tumor-specific
antibody. The biotinylated antibody then delivers the
streptavidin to the tumor. Subsequent dosing with biotiny-
lated antitumor drug results in localization of the drug near
the tumor, via the ‘low-affinity’ binding sites remaining on
streptavidin. A critical step in such ‘pre-targeting’ drug-
delivery protocols is the ability to generate chimeric, asym-
metric proteins with distinct binding sites on previously
equivalent subunits. Indeed, it would be interesting to
explore our on-column modification strategy to ‘load’
biotin-binding sites on one-face of the streptavidin
tetramer, through engineered interactions with Ni#-NTA.

An additional example of the utility of asymmetric modi-
fication may be found in chromatographic ‘adapters.’

Fusion proteins are commonly used to introduce desired
chromatographic properties into a protein of interest
[8,9,26]. In principle, proteins such as GS could be used
to immobilize other proteins, for example on NiZ*-NTA,
by asymmetrically modifying a surface cysteine (such as
the Met8—Cys GS mutant with a suitable affinity ligand.
Proteins with affinity for this ligand, but which contain
surface-accessible histidine, would be expected to be
retained on the resin and easily eluted with free ligand. In
analogous applications, ‘adapters’ molecules have been
used to sequentially layer proteins on surfaces in the fab-
rication of biosensors and biomaterials. In these cases,
adapters are used to achieve desired surface orientation of
discrete layers of proteins or ligands. Here, the GS could
act as an ‘adapter’ for immobilization of proteins unsuit-
able for incorporation of a His-tag, via cysteine-linked
affinity reagents. Notably, the exceptional stability of GS
[27], the availability of large quantities through bacterial
expression systems, as well as the simple purification of
wild-type and variant GSs add to the potential utility of
asymmetrically modified GS.

Significance
Fabrication of novel protein-based materials requires
control of spatial and topological arrangement of the
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individual components in complex aggregates, either in
solution or on surfaces. Often, such control can be
achieved by recombinant DINA methods that incorpo-
rate molecular recognition ‘handles’ at predetermined
sites within the folded protein. The range of proteins
available for molecular devices would be expanded,
however, if biologically imposed symmetry of oligomeric
proteins could be controlled by in vitro methods.

We have characterized the utility of an affinity
‘surface’ as a chemical mask in order to eliminate the
symmetry of the biologically assembled glutamine syn-
thetase (GS), and to gain control of a self-assembly
process, by selective protection of a subset of histidine or
cysteine residues on its surface. An attractive feature of
this strategy is its simplicity. In addition, it is possible to
envision a modular approach combining genetic
methods and chemical masking in which two or more
modification reagents can be incorporated, in order to
fabricate complex arrays of chemical moieties. For
example, engineered cysteines and histidines could be
expressed on all equivalent surfaces of any symmetrical
protein, and subsequently modified asymmetrically in
vitro on the same face or on opposite faces, by adapting
the scheme in Figure 2 accordingly. Moreover, the mod-
ification reagents are not limited to small organic mole-
cules. Peptides and proteins could be attached
selectively on a single face of an immobilized protein
molecule that presents cysteines for disulfide-bond for-
mation, and enzymatic modification by proteases, for
example, could be limited to one face. The facile incor-
poration of histidine at any desired location within
folded protein structures, suggests the general applicabil-
ity of Ni2+-NTA as a mask to control chemical modifi-
cation of many amino-acid functional groups with a
wide range of reagents. The results described here
provide ‘proof of principle’ that biologically imposed
symmetry can be controlled using in vitro methods.

The results described here also demonstrate the poten-
tial utility of the protocol for fundamental research. The
complexity of the GS system, including the tendency of
self-assembled tubes to aggregate laterally, has ham-
pered quantitative analysis of the forces responsible for
interaction at individual dodecamer—-dodecamer inter-
faces. Even fundamental parameters describing this
interaction, such as the dissociation binding constant
(K,), have been elusive. As a result of gaining control of
the self-assembly reaction, it should be possible to deter-
mine thermodynamic and kinetic parameters for metal-
dependent GS docking that have been experimentally
inaccessible for the unmodified GS. The study of other
proteins that form complex aggregates with multiple
interacting surfaces could also be ‘simplified’ by
similar procedures, therefore enhancing the accessibil-
ity of fundamental parameters.

Materials and methods

Protein purification and expression

The construction, expression and purification of the proteins used here
have been described previously [19,20].

Protein modification with DEPC

Wild-type or mutant GS (6 mg) was loaded on a 2 ml Ni2+-NTA column
(Qiagen®) equilibrated with 50 mM Hepes, pH 7.2, 100mM KC|,
1.0mM MnCl, (equilibration buffer), at 25°C. After washing with
five column volumes of equilibration buffer, the resin was exposed to
five column volumes of equilibration buffer containing 0.5 mM DEPC
(Sigma, St. Louis, MO), at a flow rate of ~0.5 ml/min. The column was
washed with an additional five column volumes of equilibration buffer
lacking DEPC. Approximately 5% of the loaded protein was eluted in
this wash. The remaining protein was eluted with 10 ml of 20 mM imi-
dazole. Fractions containing protein were pooled, concentrated and
chromatographed over Sephadex G25 in equilibration buffer. Extent of
modification was determined by the method of Miles [28], using the
absorbance at 230 nm, 240 nm and at 280 nm, and known extinction
coefficients for ethyl carbonate-modified histidine of £,,,=3200 cm-!
M-1 and g,3,=3000 cm~" M~1, respectively. In order to obtain repro-
ducible resuits, it was essential that DEPC was freshly diluted from a
dry (Nitrogen purged) stock for each experiment.

Protein modification with CPM

Modification with CPM (Molecular Probes, Eugene OR) was identical
to the conditions described for DEPC modification, except that
10 column volumes of equlibration buffer containing 100 uM CPM
were used for the modification. In addition, it was observed that CPM
was hydrolyzed from the protein upon long-term storage. Therefore,
all experiments were performed within 24 h of labeling. Extent of
modification was determined from €445 = 32,000 cm~! M-, as pro-
vided by the manufacturer.

Electron microscopy and turbidity measurements
All EM and turbidity measurements were as described previously
[19-22].

Dynamic light scattering

All reagents used for DLS were filtered through a 0.22 uM filter, pre-
washed with 0.1 N HCI. Samples initially at 50 pg protein/ml in equili-
bration buffer with or without 10 uM Cu?+ were diluted 25-fold into
the same buffer, to a final volume of 10 ml. The presence of metal ion
in the absence of protein had no effect on ‘baseline’ scattering. Parti-
cle size was determined with a Brookhaven saphire laser spectrome-
ter (Brookhaven Inst, NY) by analyzing the scattering fluctuations
detected at a 45° scattering angle. The autocorrelation function was
averaged over 10 us with a Brookhaven 9000AT autocorrelator, using
the CONTIN method [29].

Atomic force microscopy

Samples eluted from the Ni2+-NTA resin, containing 50 pg protein/ml
in 50 mM Hepes, pH 7.4, 100 mM KCl and 1 mM MnCl,, were made
10 pM Cu?*. Samples were diluted to 100 ng protein/ml, maintaining
10 uM Cu?*. Solution was placed on freshly cleaved mica for 30 min,
and the surface was rinsed with distilled H,O. Samples were dried
under a stream of N,. Tapping-mode AFM was performed with a
Nanoscope lll AFM (Digital Instruments, Santa Barbara, CA) operating
in air. Etched silicon cantilevers oscillating at 2560-270 kHZ were
used. Nominal tip radius was 5-10 nm. Images were obtained in the
height mode and analyzed with section analyses.
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