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Protein-protein interactions (PPIs) are the most diverse of biological self-assembly processes,
central to the construction and mechanical integrity of biological machinery on one hand, and
cellular dynamics and communication on the other. While rational design and control of PPIs
would provide access to novel protein assemblies! as well as the manipulation of cellular
processes, 2 3 such efforts are hampered by the fact that PPIs comprise an extensive set of
noncovalent bonds distributed over large and typically non-contiguous molecular surfaces.*
We have taken on the challenge of controlling PPIs using an inorganic chemical approach.
Work by several groups has shown that small organic building blocks with acceptor groups
can self-assemble into discrete superstructures and frameworks through metal coordination.”
We envisioned that the self-assembly of proteins can likewise be controlled by metal binding,
with the added complications that a) protein surfaces are replete with polar side chains capable
of coordinating metals, and b) the interactions between individual proteins in contrast to those
between organic building blocks may not be negligible. Our previous studies have shown that
metal coordination can be largely localized onto multidentate metal binding motifs inserted on
surface helices that can outcompete other potential binding sites; one such construct (His?-
cbsgo; hereafter referred to as MBPC-1, Figure 1) was found to self-assemble into a discrete
superstructure upon Zn coordination.® In this study, we show that secondary interactions
between proteins, i.e. those not involving metal coordination, can play a significant role in
tuning the oligomerization/aggregation behavior of a protein.

MBPC-1 was engineered with two di-His motifs (59/63 and 73/77) located near each terminus
of a single a-helix (Helix 3, spanning residues 56—80) in the parent protein cytochrome
cbsgo,” with the idea that such an arrangement would yield a closed superstructure upon metal
coordination. Indeed, at appropriate Zn and protein concentrations, MBPC-1 formed a
tetrameric assembly (Zng:MBPC-1,).6 The crystal structure of Zng:MBPC-14 revealed a
unique quaternary architecture, in which two V-shaped dimers wedged into one another, held
together by four Zn ions with identical His3(63/73/77) Asp! (74) coordination environments
(Figure 2a). The key to this supramolecular arrangement was the Asp74 residue located within
the His73/77 clamp: Zn coordination by Asp74 rather than His59 allowed the V-shaped dimers,
and ultimately, the observed tetramer to be formed (Figure S1). Hydrodynamic measurements
showed that MBPC-1 did not have a tendency to self-associate in the absence of metals, which
indicated that metal binding was the driving force for oligomerization. At the same time, the
tetramer was found to have an extensive PPI surface area of nearly 5000 A2, raising the
possibility that secondary interactions between proteins may still influence the formation of

Supporting Information Available: Materials and methods for protein expression/purification/characterization, experimental details for
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interfacial interactions.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Salgado et al.

Page 2

the observed tetramer. If, on the other hand, these interactions had negligible effect and metal
coordination was the sole determinant of the supramolecular geometry, then the whole
oligomeric assembly could be “inverted” simply by moving the coordinating Asp residue from
within the His73/77 motif at the C-terminal end of Helix 3 to the N-terminus, inside the
His59/63 motif (Figure 1). Thus, we engineered MBPC-2, the D74A/R62D variant of MBPC-1
(its approximate mirror image in terms of metal coordination), and determined its Zn-induced
self-assembly properties.

As planned, MBPC-2 forms tetramers upon addition of one molar equivalent of Zn according
to sedimentation velocity (SV) and sedimentation equilibrium (SE) measurements (Supporting
Info; see also Figure 4). These experiments indicate that the stability of Znys:MBPC-24 is
elevated compared to Znys:MBPC-14, with apparent association constants significantly higher
than the latter.® Zn,:MBPC-2,4 readily lent itself to crystallization, and we determined its
structure at 1.9-A resolution (PDB ID: 3C62). The Zny:MBPC-2, architecture is similar to that
of Znys:MBPC-14, with two interlaced V-shaped dimers that are slightly more open, an overall
topology that is slightly flatter, and a nearly identical buried protein surface area (~5000 AZ2)
(Figure 2). The Zng:MBPC-24 structure is indeed the “inverse” of Zny:MBPC-14 (Figure 2a).
Whereas the V-shapes are joined at the Helix3 C-termini in the latter, they are crosslinked at
the N-terminus in the former; the transition between the two superstructures resembles a scissor
motion. Surprisingly, Asp62 is not involved in Zn binding. Instead, each of the four Zn ions
in the assembly are ligated by the His73/77 motif from one monomer, His59 from a second,
and His63 from a third, yielding an ideal tetrahedral His*-Zn coordination geometry with an
average Zn-His bond distance of 2.05 A (Figure 2c). In this arrangement, each V-shape is
stabilized by His59 and His63 coordination instead of the expected Asp62 and His63
coordination from two monomers, which splay apart to bind two Zn ions, thereby joining the
Helix3 N-termini together. Interestingly, His*-Zn coordination has rarely been observed in
natural systems, one example being the HAP1 transcriptional factor that contains a structural
His?(Ne), His2(N§)-Zn site.” Utilizing metal-binding motifs on surfaces to nucleate PPIs may
provide access to unusual coordination environments not favored within protein interiors.!0

While similarities between Znys:MBPC-14 and Znys:MBPC-24 structures suggest convergence
in their mechanisms of self-assembly (vide infra), the differences in their metal coordination
modes raise some questions: Why does MBPC-2 not oligomerize through the His3-Asp! Zn-
coordination motif although it has access to it? Conversely, why does MBPC-1 not self-
assemble through the same His* motif as MBPC-2? And finally, why is Zns:MBPC-24 more
stable than Zn,:MBPC-1,4 despite the fact that both assemblies are held together by four Zn
ions in unstrained, tetrahedral coordination geometries? We thus decided to take a closer look
at the protein interfaces in both assemblies to determine whether secondary interactions may
influence metal-induced self-assembly. As expected from a soluble protein whose surface is
not optimized for self-association, the interfaces in both Znys:MBPC-14 and Zny:MBPC-24
structures feature overwhelmingly polar residues that are poorly packed. Furthermore, there
are surprisingly few interfacial H-bonding interactions given the extensive buried protein
surfaces in both assemblies. Earlier surveys of oligomeric protein structures have indicated
average interfacial H-bond densities ranging from 0.5 to 0.7 per 100 A2 of buried surface;!1>
12 these values are considerably higher than 0.3 and 0.2 per 100 A2 observed in
Zny:MBPC-1,4 and Zny:MBPC-24 complexes. Significantly, the majority of these H-bonding
interactions involve two pairs of residues that form salt bridges: Arg34-Asp62 in
Zny:MBPC-2,4 accounting for 9 out of a total of 15 interactions, and Arg34-Asp66 in
Zny:MBPC-1,4 accounting for 7 out of a total of 10 (Figure 3 and Table S2).

In order to probe the possible role of these salt bridges in the self-assembly of the two tetramers,

we generated a series of Arg34 mutants of MBPC-1 and MBPC-2 aimed at weakening or
abolishing these interactions. Figure 4 shows the oligomerization behavior of the Arg34
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variants as determined by sedimentation velocity experiments. Indicating the higher relative
stability of the Zn,:MBPC-2,, the parent MBPC-2 molecule exists only in the tetrameric form
at 600 pM protein and Zn concentrations, whereas a significant population of dimeric species
is also present with MBPC-1 under the same conditions. Upon the mutation of Arg34 to the
shorter Lys, the peak for the tetrameric assembly disappears entirely for MBPC-1 and becomes
broader for MBPC-2, consistent with the weakening of the salt-bridging interaction. The 1.75-
A crystal structure of the Zn4:(R34K)MBPC-2,4 assembly (PDB ID: 3C63) reveals that Lys34
indeed maintains the salt bridge to Asp62 and stabilizes the parent tetrametric assembly, but
its interactions are not as extensive compared to Arg34 (Figure S2). Dramatically, when Arg34
is mutated to Ala and Asp in MBPC-1 and MBPC-2, respectively, the tetrameric forms are
replaced by heterogeneous ensembles that contain higher order aggregates.!3 These findings
demonstrate that Arg34 interactions clearly are the guiding factor for the metal-induced
oligomerization of MBPC-1 and 2.

In the presence of limiting amounts of Zn, MBPC-1 or MBPC-2 molecules likely sample all
of the conformations depicted in Figure 5, with the possible exception of § due to steric reasons.
While monomeric and dimeric (3) forms dominate at low protein concentrations, the tetrameric,
interlaced conformation 4 with the highest Zn-binding cooperativity is expected to be the
prevalent species at intermediate concentrations. This is indeed borne out by the structural
convergence of Zny:MBPC-1,4 and Znys:MBPC-2, assemblies despite differences in their metal
coordination modes. Secondary interactions, particularly those involving Arg34, then, are
crucial for fine-tuning the relative stabilities and geometric specificities of the different
oligomeric states. MBPC-1 exclusively forms the type 4 conformation with the observed
His? Asp coordination motif rather than the His*-motif seen in Zny:MBPC-24, because a) the
Arg34-Asp66 interaction (Figure 3a) stabilizes the former geometry, and b) the latter geometry
would align the original Arg62 in MBPC-1 across from Arg34 (Figure 3b), leading to a
destabilizing effect. Conversely, MBPC-2 specifically forms the type 4 conformation with
His*-coordination as opposed to the His3 Asp-motif, because it is energetically more favorable
to utilize Asp62 in an interfacial salt bridge when a tetracoordinate Zn-geometry is already
accessible with four histidines. Lastly, a broader inspection of the interfaces in
Zny:MBPC-14 and Zng:MBPC-24 reveals that the former assembly features a higher number
of unfavorable interactions and sidechain environments (Supporting Info), which attests to its
lower stability.!4

To what extent H-bonds and salt bridges contribute to the stability of proteins and PPIs can
greatly vary from system to system.!3 Yet, it is generally thought that these alignment-
dependent interactions are important in limiting the number of possible low energy docking
conformations, thus playing a major role in determining specificity.!® 17 Our results provide
clear evidence that salt-bridging and H-bonding interactions can dictate the geometric
alignment of protein partners, leading to the population of discrete supramolecular structures
over other conformations of similar energy. The combined ability to direct PPIs through metal
coordination and secondary interactions could provide the specificity required for the
construction of complex, multicomponent protein superstructures and the selective control of
cellular processes that involve protein-protein association reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of MBPC-1 (based on the monomeric building blocks of the Zny:MBPC-14 assembly;
PDB ID: 2QLA).
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R62D / D74A

b)

Figure 2.

a) Cylindrical representations of Zny:MBPC-14 and Zny:MBPC-24 Helix3’s and sidechains
involved in Zn coordination, viewed along the non-crystallographic twofold symmetry axis.
Pairs of protein molecules that form the V-shaped dimers are colored alike. The N- and C-
termini of the four Helix3’s in each assembly are labeled accordingly. b) Ribbon representation
of the Zny:MBPC-24 crystal structure. c¢) Close-up view of the Zn coordination environment
down the non-crystallographic twofold symmetry axis and the corresponding simulated-
annealing F,-F . omit electron density map (3.50).
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Figure 3.

Interfacial H-bonding interactions in Zng:MBPC-14 (a) and Zng:MBPC-24 (b) assemblies that
involve R34 and D66 in the former and R34 and D62 in the latter. The pairwise interactions
shown above are repeated twice due to the internal twofold symmetry of each tetrameric
assembly.

J Am Chem Soc. Author manuscript; available in PMC 2009 August 10.



1duosnuely Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuey Joyiny Vd-HIN

Salgado et al. Page 8

1mer 2mer 4me 1mer 2mer 4mer

-

I 1 |

1 ——R34 - MBPC1 1 — R34 - MBPC2

| ——R34K - MBPC1 ——R34K - MBPC2
! —R34A - MBPC1 ——R34D - MBPC2
I

|

]

| I
| I

| I
il I
1 |

| I
| I

| I
1 1
| I
| I
1 I
| I
| I
I

=
Q
[ y
| ) | . | ;
20 40 60 80 100 120 20 40 60 80 100 120
Molecular Weight (kDa) Molecular Weight (kDa)
Figure 4.

Molecular weight distributions of MBPC-1 (left) and MBPC-2 (right) species as determined
by sedimentation velocity measurements. All samples contain 600 uM protein and 600 uM Zn,
with the exception of R34A-MBPC-1, which contains 300 pM Zn.13
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Figure 5.

Possible Zn-induced oligomerization states of MBPC-1 and 2 under limiting (< 1 equivalent)
metal concentrations assuming a 4-coordinate Zn geometry. 1) extended structures/aggregates,
2) trimer or tetramer with His*-coordination shared by two monomers, 3) dimer with His*-
coordination shared by two monomers, 4) tetramer with His? or His3 Asp-coordination shared
by three monomers, 5) tetramer with His*-coordination shared by four monomers.
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