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Abstract: Rational engineering of a protein to enable domain swapping requires an understanding

of the sequence, structural and energetic factors that favor the domain-swapped oligomer over the

monomer. While it is known that the deletion of loops between b-strands can promote domain
swapping, the spliced sequence at the position of the loop deletion is thought to have a minimal

role to play in such domain swapping. Here, two loop-deletion mutants of the non-domain-

swapping protein monellin, frame-shifted by a single residue, were designed. Although the spliced
sequence in the two mutants differed by only one residue at the site of the deletion, only one of

them (YEIKG) promoted domain swapping. The mutant containing the spliced sequence YENKG

was entirely monomeric. This new understanding that the domain swapping propensity after loop
deletion may depend critically on the chemical composition of the shortened loop will facilitate the

rational design of domain swapping.
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Introduction

Domain swapping is a mode of protein self-

association between two or more polypeptide chains

where intertwined oligomers are formed from mono-

meric proteins by the exchange of secondary or ter-

tiary structural elements.1–5 In this process, intra-

molecular interactions stabilizing the native confor-

mation of a protein are replaced by nearly identical

inter-molecular interactions. Consequently, the final

structures of the folded monomer and of each of the

units in the swapped multimer differ mostly with

respect to the conformation of the hinge loop, the

peptide segment through which the exchanging part

is connected to the rest of the structure (Fig. 1).

Depending on the swapped unit and mode of

exchange, oligomers with versatile topologies can be

generated via domain swapping.3,6–11 Although engi-

neered domain swapping has been used to regulate

structural and functional properties in a few pro-

teins,7,12–21 its potential remains largely under-

utilized due to a lack of a clear understanding of the

molecular mechanism and factors modulating

domain swapping in proteins.3,22
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Domain swapping has been introduced into sev-

eral proteins that do not swap by modulating strain

on the putative hinge loop.4,23 The hinge loop con-

verts from a loop or a turn in the monomer, to an

extended conformation in the swapped multimers

(Fig. 1). A conformationally strained hinge loop

destabilizes monomeric structure, and results in

swapped oligomers where the loop converts into a

favorable extended conformation. Different ways of

modulating strain on a protein include hinge loop

shortening, lengthening, and mutations.23 Loop

shortening by 1–6 amino acid residues has been

the most common approach to domain swapping

design.7,14,15,23–25 The importance of loop length is

highlighted by the incremental increase in the pro-

portion of swapped dimer observed for single chain

Fv, caused by an incremental decrease in hinge loop

length.26 Shortening the hinge loop down to a size

where it is geometrically difficult for the polypeptide

to fold back on itself seems to be sufficient to induce

domain swapping.

The amino acid composition of the spliced loop

has received little attention while designing loop dele-

tions, because it is believed not to play an active role

in modulating the domain swapping propensity.27

However, it has been shown that a single residue

mutation in a tight turn can trigger domain swap-

ping by changing the balance between the conforma-

tional strain in the hinge loop, and the entropic cost

of dimerization.25,28–30 This suggests that the spliced

sequence at the site of deletion might contribute sig-

nificantly to domain swapping propensity, because of

possible synergism between strain due to the shorter

loop length upon loop deletion, and the presence of

amino acid residues that may increase backbone

rigidity, adopt sub-optimal torsion angles, or may be

unfavorable for turn formation.31,32

Here, we study the effect of the residue composition

of the hinge loop, after loop deletion, upon the domain

swapping propensity of the non-domain-swapping pro-

tein, single chain monellin (MNEI). MNEI is an a-b pro-

tein, with a b1-a1-loopA-b2-loop1-b3-loop2-b4-loop3-b5

topology [Fig. 2(A)]. MNEI is derived from the naturally

occurring two-chain variant of monellin, dcMN, by the

covalent linkage of the two chains (chain B: b1-a1-

loopA-b2; chain A: b3-loop2-b4-loop3-b5) through a

Gly-Phe linker.33 MNEI is structurally homologous to

the cystatin family of cysteine protease inhibitors.34

Domain-swapped dimers have been observed for a few

cystatins, in which almost half of the polypeptide chain

is exchanged between the two molecules.35–38 In these

swapped dimers of the cystatins, loop1 opens up and

forms a long, continuous b-strand, connecting the two

“sub-domains” b1-a1-loopA-b2 (chain B of dcMN) and

b3-loop2-b4-loop3-b5 (chain A of dcMN). The cystatin

loop1 is on an average six residues shorter than loop1 in

MNEI. Hence, we chose to study whether the shortening

of loop1 would lead to the domain swapping of MNEI.

We created two different six-residue deletion

variants of MNEI, frame-shifted by a single residue

[Fig. 2(B)]. These variants, termed MNEID6Asn and

MNEID6Ile, differed by a single amino acid residue

at the site of the deletion. We found that the

Figure 1. Schematic representation of domain swapping. (A) In the monomeric conformation, the hinge loop folds back upon

itself, and folding proceeds intra-molecularly. (B) In the swapped conformation, the hinge loop adopts an extended conforma-

tion, and folding proceeds inter-molecularly. The overall fold of the protein is preserved. Each monomer-like structure formed

by contributions from two polypeptide chains, is referred to as a functional unit. Sometimes, a secondary interface is created

by the proximity of the two polypeptide chains in the swapped conformation.

Figure 2. Design of MNEI loop deletion variants. (A) Struc-

ture of MNEI (PDB ID 1IV7) is shown in a cartoon representa-

tion. Different secondary structural elements and loops are

labeled. Loop1 is highlighted in blue. (B) Residues 45–60 of

MNEI are shown. Loop1 is composed of residues 48–57,

which are indicated in blue. Residues deleted to generate

each mutant variant are indicated in red.
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oligomeric fates of the two variants were dramatically

different. MNEID6Asn (containing the spliced sequence

YENKG) is entirely monomeric in solution, similar to

the wild type (wt) protein. The dominant species in

MNEID6Ile (containing the spliced sequence YEIKG)

is, however, a dimer, along with a barely detectable

monomeric form. The structure of the MNEID6Ile

dimer, determined to 2.6 Å resolution by x-ray crystal-

lography, confirmed that dimerization was a result of

domain swapping. In this structure, the two polypep-

tide chains that contribute to the MNEID6Ile dimer,

exchanged sub-domains b1-a1-loopA-b2 and b3-loop2-

b4-loop3-b5, similar to the cystatin swapped dimers.

The striking effect of a single amino acid residue dif-

ference in the hinge region between MNEID6Asn and

MNEID6Ile, on their oligomeric status indicates that

the loop composition of the spliced region contributes

significantly to the domain swapping propensity of a

protein.

Results

Oligomeric fate of the loop-deletion variants of

MNEI

Two different six-amino acid residue deletion mutant

variants of MNEI were created such that they dif-

fered by a single amino acid residue at the site of

deletion (see Materials and Methods). Figure 2(A)

indicates the site of deletion mapped onto the tertiary

structure of MNEI. Figure 2(B) highlights residues

50–55 and 51–56 that were deleted to generate the

variants MNEID6Ile (spliced sequence YEIKG) and

MNEID6Asn (spliced sequence YENKG), respectively.

Purified proteins were run on a size-exclusion

chromatography column to analyze their oligomeric

status in solution. MNEID6Asn was found to be

entirely monomeric, similar to wt MNEI (Fig. 3). In

contrast, MNEID6Ile was found to be predominantly

dimeric, with the monomeric form corresponding to

less than 10% of the population at a protein concen-

tration as low as 5 mM. Multi-angle static light

scattering experiments were carried out to deter-

mine the absolute molar mass of the dimeric fraction

collected from the SEC column for MNEID6Ile. The

apparent molecular weight (22,210 6 460 Da) was in

excellent agreement with that expected for a dimer

(21,340 Da).

MNEID6Ile dimer is a domain-swapped dimer

MNEID6Ile dimer was crystallized, and its structure

was solved by x-ray crystallography to a resolution

of 2.6 Å (Supporting Information Table S1). It was

evident that the MNEID6Ile dimer is formed by

domain swapping [Fig. 4(A)]. The molecular replace-

ment solution, obtained by using MNEI as a search

model, revealed five polypeptide chains in the asym-

metric unit of the crystal lattice, four of which dimer-

ized among themselves while the fifth chain formed a

swapped dimer with its symmetry related chain.

A composite omit map calculated by simulated-

annealing clearly showed continuous stretches of

electron density, which fit well to a continuous b-

strand stretch connecting the two units of the dimer

[Fig. 4(B)], and supports a domain-swapped arrange-

ment of the polypeptide chains. In contrast, modeling

a turn into these calculated electron densities

resulted in a poor fit and multiple steric clashes. The

crystal structure revealed that the MNEID6Ile dimer

is formed by the exchange of the b1-a1-b2 and b3-b4-

b5 sub-domains, similar to the domain-swapped

dimers reported for several cystatins35–38 [Fig. 4(A)].

Other than loop1, which adopted an extended confor-

mation in the swapped dimer [Fig. 4(C)], the overall

fold and native contacts of monomeric MNEI were

preserved in the MNEID6Ile swapped dimer [Fig.

5(A)]. Superposition of either of the halves of the

swapped dimer (monomer subunits) with the MNEI

monomer, excluding the hinge loop, yielded a root

mean square deviation (rmsd) of 1.26 Å, indicating

that the two conformations were nearly identical.

The three swapped dimers observed in the crystal lat-

tice differed only in a slight displacement about the

symmetry axis in the dimer (Supporting Information

Fig. S1). The dimers thus appeared to be flexible,

which explains the high B-factors in the crystal struc-

ture (Supporting Information Table S2).

The secondary interface in domain swapping is

a new intermolecular interface that is established

due to the proximal arrangement of polypeptide

chains in the swapped conformation (Fig. 1). This

interface contributes to the stability of the dimer. A

significant secondary interface was found to have

been created in the MNEID6Ile swapped dimer.

Loop1 opens up and forms a new b-strand that

Figure 3. Frame-shifting by a single residue can lead to dif-

ferent protein fates. Size-exclusion chromatography profiles

of MNEI and both the variants at pH 7, are shown. Elution

volumes a and b correspond to those of the dimer and

monomer, respectively, as calculated from the log molecular

weight versus elution volume plot generated using molecular

weight standards (inset).
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continues from the b2 strand into the b3 strand of

each polypeptide chain in the dimer. As a result, a

new anti-parallel b-sheet was formed by the two

hinge loops [Fig. 4(C)] in the crossover region

between the two polypeptide chains. This new inter-

face created a long contiguous anti-parallel b-sheet,

formed between the b2-loop1-b3 segments of the two

chains that zipped the two polypeptides together

via new hydrogen bonds [Fig. 4(C), Supporting

Information Table S2]. Apart from the hydrogen

bonds, multiple hydrophobic and vander Waals con-

tacts stabilize the hinge region (Supporting Informa-

tion Table S2). Such an arrangement limits the

oligomerization via domain swapping to a dimeric

species in MNEID6Ile. Loop1 residues 48YEIKG52 in

the anti-parallel b-sheet conformation are arranged

such that Ile50 of one chain stacks between the aro-

matic ring of Tyr48 of the other chain, and Tyr74

Figure 4. The MNEID6Ile dimer is a domain-swapped dimer. (A) Structure of the MNEID6Ile variant is shown. The two polypep-

tide chains contributing to the dimer are shown in purple and orange. The boxed region highlights loop1. Sub-domains, b1-a1-

b2 and b3-b4-b5, contributed by the two polypeptide chains, are labeled in black and blue, for one of the functional units. (B)

Zoomed in view of the region of cross-over between the two chains showing the YEIKG stretch in an extended conformation.

The boxed region of (A) is shown with the simulated anneal composite omit electron density map at a contour level of 1.2

sigma. Residue side-chains are shown as sticks. Nitrogen atoms are colored blue and oxygen atoms are colored red. (C) The

secondary interface composed of a b-sheet formed by the linker region from the two polypeptide chains is shown. Only the

backbone traces of the two chains within the boxed region in (A) are shown. Backbone hydrogen bonds formed in the hinge

region are shown by blue lines.

Figure 5. Similar stacking interactions in wt MNEI and MNEID6Ile swapped dimer. (A) The MNEI monomer (green) is aligned

with the swapped dimer. For clarity, alignment with the other half of the dimer is not shown. (B) CH-p interactions between

Y48, I56 and Y80 in the MNEI monomer occur inter-molecularly in the swapped dimer between Y48 from one chain and I50

and Y74 from another. The mismatch in residue numbers is due to renumbering after the site of deletion. For clarity, similar

interactions in the other half of the swapped dimer are not shown.
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(from loop3) of the same chain [Fig. 5(B)]. In the wt

MNEI monomer, a similar set of interactions exists

between Tyr48, Ile56 (Ile50 in the dimer due to

the loop deletion) and Tyr80 (Tyr74 in the dimer)

[Fig. 5(B)]. Thus, domain swapping preserves the

stacking interactions between these residues to bury

the side chain of Ile50. A salt-bridge between Lys51

and Glu49 is observed in one dimer, but not in the

other two.

Domain swapping in other single site mutant

variants of MNEID6

To better understand the difference in the domain

swapping behavior of MNEID6Ile and MNEID6Asn,

five other mutant variants of MNEID6 were created,

in which Ile/Asn was mutated to amino acid residues

with different hydrogen-bonding capacities and/or

hydrophobic nature. The oligomeric status of these

mutant variants was determined. Mutation to Leu

(MNEID6Leu) and Trp (MNEID6Trp), which are hydro-

phobic residues, promoted dimerization in MNEID6

(Fig. 6). Similar to MNEID6Ile, both MNEID6Leu and

MNEID6Trp were predominantly dimeric, with the

monomeric form corresponding to less than 15% of

the population at a protein concentration as low as 5

mM. Mutation to Asp (MNEID6Asp), which is a polar

residue that is similar in size to Asn but has a dis-

tinct hydrogen-bonding pattern, also promoted dimer-

ization (Fig. 6). Mutation to Ala (MNEID6Ala), which

is neither b-branched (unlike Ile) nor capable of H-

bonding (unlike Asn), was found to result in a mix-

ture of the dimeric and monomeric forms (Fig. 6).

Lastly, mutation to Gly (MNEID6Gly), which has the

highest conformational flexibility and steric freedom,

disfavored dimerization and MNEID6Gly was found to

be entirely monomeric (Fig. 6).

Discussion

Mutations in MNEID6, reduced loop strain and a

reduced propensity to domain-swap
Hinge loops are likely to be strained in proteins that

can domain-swap.23,39 This conjecture is supported by

the fact that the types of residues that occur in hinge

loops in domain-swapping proteins are different from

the types of residues that occur in the loops of non-

domain-swapping proteins.40 The intrinsic structural

propensity of a residue determines whether it is

locally stable in a given secondary structural ele-

ment.41 Deleting a loop which connects two secondary

structural elements (here b-strands) is likely to cre-

ate local strain in the folded structure by forcing resi-

dues that belong to the b-strands to form a loop or a

turn. Strained loops can result in the loop residues

occupying disallowed regions of the Ramachandran

plot.23,31,39 Studies of such disallowed regions have

shown that certain types of residues (e.g. polar resi-

dues such as Asn) occur more often in such strained

regions, and are thus likely to be able to tolerate

such strain.31 These residues tolerate strain either by

forming side chain-main chain hydrogen bonds, or by

creating local distortions in bonds and angles.31,32

Figure 6. Domain swapping in other single site mutant var-

iants of MNEID6. Size-exclusion chromatography profiles of

MNEID6Leu, MNEID6Trp, MNEID6Asp, MNEID6Ala, and

MNEID6Gly at pH 7 are shown. The elution volumes of the

dimer (D) and monomer (M) are indicated. The fraction of

protein present in the dimeric form, calculated from the inte-

grated area under the monomer (M) and dimer (D) peaks, is

86% (MNEID6Leu), 87% (MNEID6Trp), 80% (MNEID6Asp),70%

(MNEID6Ala) and 0% (MNEID6Gly).
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However, hydrophobic residues such as Val and Ile

rarely occupy disallowed regions of the Ramachan-

dran plot and are expected to not be able to tolerate

strain. The presence of hydrophobic residues in

strained regions may lead to increased solvent-

exposure of their side chains, because of the inability

to adopt conformations favorable to the burial of

these side chains.42 In such cases, domain swapping

may be favored not only because it relieves loop

strain, but also because it aids the burial of the

hydrophobic side chains.

It is known from the monomer structures of the

cystatins that the / and the w angles of a Val struc-

turally homologous to the Ile in MNEID6Ile are such

that the Val occurs in the disallowed region of the

Ramachandran plot.35,43–45 Further, a V!N muta-

tion in human cystatin C,42 and a V!D mutation in

chicken cystatin35 stabilizes the hinge loop, and

reduces domain swapping. It is expected that a simi-

lar effect is at play in the two MNEI mutants,

MNEID6Ile and MNEID6Asn, and in fact the Ile of

MNEID6Ile does get buried upon domain swapping

[Fig. 5(B)]. In summary, the deletion of amino acid

residues can cause local strain in the loops of pro-

teins. The composition of the final spliced loop (after

deletion) decides whether this local strain can be tol-

erated in a monomeric form of the protein. Bioinfor-

matics studies suggest that polar amino acid

residues are likely to be able to tolerate such local

strain, while the presence of large hydrophobic

amino acid residues is likely to drive domain swap-

ping. This is potentially the main reason why

MNEID6Ile domain-swaps, while MNEID6Asn does

not. It can be hypothesized, on the basis of the

MNEID6Ile/MNEID6Asn dimerization propensities

that placing a bulky, hydrophobic residue at the

apex of a solvent-exposed, strained b-turn will result

in domain swapping in proteins.

To further test this hypothesis, five single site

mutations were made in loop1 in MNEID6 (Fig. 6).

These mutations show that residues that are

expected to increase local strain indeed promote

dimerization in MNEID6. MNEID6Gly, which has a

glycine residue instead of Ile/Asn in loop1, is

entirely monomeric. This is expected because Gly

has a larger conformational space available to it,

and is thus least likely to introduce local strain in

the b-turn in the folded monomer. On the other

hand, bulky hydrophobic residues, Leu and Trp pro-

mote dimerization in MNEID6. Leu is of the same

size as Ile, but does not have a b-branched side

chain. This suggests, in agreement with the cystatin

results,35,43–45 that the effect of Ile/Leu on the oligo-

meric status of MNEID6 might be solely due to the

hydrophobicity of their side chains. It is expected

that in addition to the hydrophobic nature of Trp,

dimerization in MNEID6Trp might be promoted due

to the preservation of stacking interactions in the

dimer (Fig. 5). Similarly, dimerization is promoted in

the Ala mutant (MNEID6Ala), potentially because

Ala is not tolerated in strained regions as well as a

polar residue like Asn, in spite of the considerable

steric freedom available to it.31 Nevertheless, Ala is

tolerated better than bulky hydrophobic residues,

which is reflected in the increased relative popula-

tion of the monomeric form in MNEID6Ala. Surpris-

ingly, mutation to Asp also promotes dimerization in

MNEID6, unlike similar mutations in the cysta-

tins.35,46 Asp and Asn are polar residues which occur

more often in strained regions;31 however, these resi-

dues have contrasting effects on the oligomeric fate

of MNEID6. Modeling Asp and Asn residues in the

MNEID6Ile swapped dimer suggests that both Asp

and Ile make similar number of intra- and inter-

chain contacts, while Asn makes fewer contacts

within the secondary interface. Moreover, Asn, but

not Asp, can form an intra-chain hydrogen bond

with the glycine residue at position 52, which can

stabilize the monomeric conformation of the protein

due to stabilization of the b-turn in the monomer. It

is also possible that dimerization in MNEID6Asp is

driven by charge-charge repulsion in the YEDKG

stretch in loop1 in the monomeric form, which can

be relieved upon dimerization and b-sheet formation

in the hinge. It is important to note that such

hypotheses about the mechanism and the driving

force for dimerization in the mutant variants will

need to be confirmed in future studies, by solving

the structures of their monomeric and/or dimeric

forms.

Loop composition and domain swapping

Both residue mutations and loop deletions can

change the composition of the loop and increase loop

strain to the point that domain swapping becomes

energetically favorable.3,4,23,27 As an example, a sin-

gle amino acid mutation can drive domain swapping

in the B1 domain of protein L.28 The second b-

hairpin turn is already strained in this protein, and

the introduction of a nonglycine residue (G55A)

within this strained conformation promotes domain

swapping. Two additional mutations (A52V, N53P)

also convert protein L to an obligate dimer.47 In gen-

eral, amino acid substitutions can increase conforma-

tional strain in loops by increasing steric clashes

(large residues), exposing hydrophobic residues to the

solvent, or restricting conformational space (prolines).

In fact, prolines, being conformationally restricted,

have been used to tune hinge loop strain and domain

swapping in several proteins.4,25,29,48–50 A closer look

at proteins such as CD2 and suc1, where loop deletion

has been shown to drive domain swapping, also

reveals proline containing spliced sequences.15,25 Two

different non-overlapping three-residue deletion var-

iants of the hinge loop in suc1 have been shown to

dimerize to different extents, depending on whether

Nandwani et al. PROTEIN SCIENCE VOL 26:1994—2002 1999



or not prolines were retained in the hinge after dele-

tion.25 An example of loop deletion where domain

swapping propensity cannot be attributed to prolines

is staphylococcal nuclease.14 Deletion of 6 residues in

the putative hinge converted staphylococcal nuclease

to a stable dimer in which the C-terminal helix swaps.

The spliced sequence at the site of deletion was com-

posed of residues that have a high normalized-

propensity score of being in a hinge loop (deleted set:

VYKPNN, spliced sequence: LAKVAYTH; Val, Ala,

Tyr, Lys, Leu have high normalized-propensity scores,

in that order).40

It is likely that the entropic cost of dimerization

in domain swapping is not only countered by the

release of conformational strain in the loop, but also

by enthalpic stabilization of the dimer because of the

formation of the secondary interface (Fig. 1). Hinge

residue mutations in the W28A mutant of thioredoxin

(Trx)30 and the P43M mutant of calbindin D9k
51 are

hypothesized to promote domain swapping by stabi-

lizing hydrophobic interactions at the secondary

interface. In MNEID6Ile as well, the secondary inter-

face comprising of several main chain hydrogen

bonds likely further stabilizes the extended conforma-

tion of loop1 in the domain-swapped dimer.

The results presented here can be used to maxi-

mize the efficiency of engineering domain swapping

in proteins by loop shortening. Shortening the puta-

tive hinge loop, such that the spliced sequence is

composed of residues that rarely occupy disallowed

regions of the Ramachandran plot, can increase the

domain swapping propensity of a protein signifi-

cantly. Further, the domain-swapped conformation is

a compelling energy minimum on the folding land-

scape of a designed protein, because of the nearly

identical sets of interactions that are at play in a

monomer and a swapped dimer.52 Tuning the hinge

loop composition can be a simple strategy for the

“negative design” of domain swapping in computa-

tionally designed proteins.

In summary, the present study reveals that

although loop deletion introduces strain, and makes

it difficult for the polypeptide to fold back onto itself,

it is the composition of the spliced loop which finally

determines domain swapping. Our data highlights

the extent to which the monomer-dimer equilibrium

can be impacted by the residue composition of the

resultant hinge loop, suggesting that the spliced

sequence at the site of deletion merits more atten-

tion while designing domain-swapped oligomers by

loop shortening.

Materials and Methods

Construction of MNEI variants

The sequence of loop1 of MNEI is 48-YENEGFREIK-

57, and Gly at position 58 immediately follows loop1.

Deletion of the stretch NEGFRE (residues 50–55),

which is centered on the Gly-Phe linker, results in

the variant MNEID6Ile, in which the spliced sequence

is YEIKG. Similarly, deletion of the stretch EGFREI

(residues 51–56) results in the variant MNEID6Asn,

in which the spliced sequence is YENKG. Inciden-

tally, deletion of residues 49–54 (ENEGFR) recreated

the variant MNEID6Ile; hence, only two frame-shifted

variants were constructed. Deletions were engineered

by site-directed mutagenesis. Other single site

variants of MNEID6 (MNEID6Ala, MNEID6Asp,

MNEID6Gly, MNEID6Leu and MNEID6Trp) were gener-

ated by mutating Ile in MNEID6Ile to Ala, Asp, Gly,

Leu, and Trp, respectively. Primers for site-directed

mutagenesis were obtained from BioServe, India.

Assessment of the oligomeric status of MNEI

variants
MNEI mutant variants were analyzed by analytical

size-exclusion chromatography (SEC), using a Super-

dex 75 10/300 GL column on an €AKTA FPLC, which

resolves proteins in the molecular weight range 3–

70 kDa. The column was run at 0.5 mL/min in

50 mM phosphate buffer, with 100 mM NaCl, 250

mM EDTA and 1 mM DTT, at pH 7. Protein elution

was monitored at 280 nm. Molecular weights of the

variants were estimated from a calibration curve

generated using a Bio-Rad gel filtration standard.

Absolute molar mass and hydrodynamic radius

determination for the MNEI variants was done

using multi-angle light scattering on a DAWN 81,

eight angle light scattering instrument (Wyatt Tech-

nology Corp., Santa Barbara, CA). The concentration

of the dimer isolated from the SEC was adjusted to

approx. 1.5 mg/mL. Proteins were run through a

0.02 mm filter into the light scattering fused silica

flow cell at a constant flow rate. A solution of mono-

meric bovine serum albumin was used for normali-

zation of the scattering intensity. Data analysis was

done using the software Astra.

Accession Numbers
Coordinates and the structure factor for MNEID6Ile

have been deposited in the Protein Data Bank

(PDB) under the accession codes 5XFU.
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