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Abstract

Royal jelly (RJ) triggers the development of female honeybee larvae into queens. This effect has 

been attributed to the presence of major royal jelly protein 1 (MRJP1) in RJ. MRJP1 isolated from 

royal jelly is tightly associated with apisimin, a 54-residue α-helical peptide that promotes the 

noncovalent assembly of MRJP1 into multimers. No high-resolution structural data are available 

for these complexes, and their binding stoichiometry remains uncertain. We examined MRJP1/

apisimin using a range of biophysical techniques. We also investigated the behavior of 

deglycosylated samples, as well as samples with reduced apisimin content. Our mass spectrometry 

(MS) data demonstrate that the native complexes predominantly exist in a (MRJP14 apisimin4) 

stoichiometry. Hydrogen/deuterium exchange MS reveals that MRJP1 within these complexes is 

extensively disordered in the range of residues 20–265. Marginally stable secondary structure 

(likely antiparallel β-sheet) exists around residues 266–432. These weakly structured regions 

interchange with conformers that are extensively unfolded, giving rise to bimodal (EX1) isotope 

distributions. We propose that the native complexes have a “dimer of dimers” quaternary structure 

in which MRJP1 chains are bridged by apisimin. Specifically, our data suggest that apisimin acts 

as a linker that forms hydrophobic contacts involving the MRJP1 segment 316VLFFGLV322. 

Deglycosylation produces large soluble aggregates, highlighting the role of glycans as aggregation 
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inhibitors. Samples with reduced apisimin content form dimeric complexes with a (MRJP12 

apisimin1) stoichiometry. The information uncovered in this work will help pave the way toward a 

better understanding of the unique physiological role played by MRJP1 during queen 

differentiation.

Graphical Abstract

Adult honeybees (Apis mellifera) form three castes. Females can develop into queen or 

worker bees, while males are known as drones.1,2 Each colony has only a single queen that 

mates with drones and lays eggs. Worker bees are sterile but perform numerous tasks, 

including foraging for food and feeding of larvae.3 The dimorphism of female bees is 

governed by the nutritional environment experienced by the larvae.4–7 Future queens are fed 

royal jelly (RJ) throughout their development. Worker larvae receive RJ only for an initial 

period of 3 days, after which their food is switched to worker jelly.1,4 Male larvae receive 

drone jelly. The various jellies differ in their protein composition, as well as their 

fructose:glucose ratio and vitamin content.8–10

RJ is secreted by the hypopharyngeal and mandibular glands of worker bees at an early stage 

of their life cycle, during which they are members of the nurse subcaste.10 RJ contains 

proteins, carbohydrates, lipids, vitamins, salts, and free amino acids.11 The so-called major 

royal jelly proteins (MRJPs) constitute roughly 90% of the total RJ protein.9 This family 

comprises nine homologous members, designated MRJP1–9.10,12,13 The high percentage of 

essential amino acids in MRJPs underscores their nutritional role in bee larvae.9,14

The ability of RJ to modulate the development of female larvae may be partially related to 

the presence of histone deacetylase inhibitors,4 microRNAs,3 and other factors.10 However, 

the key ingredient that drives queen development appears to be MRJP1, the most abundant 

protein in RJ.15 Although the exact role of MRJP1 remains under dispute,16 there is strong 

evidence that this protein triggers queen differentiation via an epidermal growth factor 

receptor (EGFR)-mediated signaling pathway.15,17 MRJP1 also exhibits antibacterial 

effects,18 as well as antihypertension19 and growth factor-like activity in mammalian cells.10
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MRJP1 is expressed as a chain consisting of 432 amino acids. Subsequent cleavage by a 

signal peptidase removes an N-terminal 19-residue segment,9 resulting in a chain with an 

expected molecular weight (MW) of 46861 Da. During maturation, MRJP1 undergoes 

additional post-translational modifications.20 Isoelectric focusing reveals the presence of 

nine MRJP1 isoforms that share a similar MW but have slightly different pIs between 4.7 

and 5.2.21,22 Differences in the nature and extent of post-translational modifications are 

thought to be chiefly responsible for this heterogeneity.9

Mature MRJP1 is a glycoprotein, and its glycans have been analyzed in great detail.23,24 

Sugars are bound mainly at N144 and N177, although other attachment sites also exist.24 

The glycans were shown to include a unique Galβ1–3GalNAc unit.23 Deglycosylation by 

PNGase F causes a mass shift on sodium dodecyl sulfate (SDS) gels from an apparent MW 

of 56 kDa to an apparent MW of 47 kDa,25 the latter being consistent with the amino acid 

sequence of the mature protein.9

When isolated from royal jelly, MRJP1 is copurified with the 54-residue (5.54 kDa) α-

helical peptide apisimin.26 Apisimin promotes the association of MRJP1 into higher-order 

structures,11,26 producing MRJP1/apisimin complexes that exhibit considerable thermal 

stability.22,27 The composition of these complexes remains uncertain.10 Electrophoretic 

densitometry suggested a 5:1 MRJP1:apisimin stoichiometry,11 but other binding ratios 

could not be ruled out. Chromatographic, electrophoretic, and light scattering studies yielded 

size estimates of 280–420 kDa for these MRJP1/apisimin assemblies.11,22,26 Binding is 

mediated solely by noncovalant interactions, as intermolecular disulfide bridges are 

absent.28

Structural investigations of MRJP1/apisimin complexes are a prerequisite for gaining a 

better understanding of the unique role that MRJP1 plays during queen development.15 

Unfortunately, it has not been possible thus far to generate high-resolution conformational 

data for this system.10 In the work described here, we applied different mass spectrometry 

(MS) techniques and various other biophysical tools to close some of the existing knowledge 

gaps. Our primary goal was to elucidate aspects of the MRJP1/apisimin structure and 

dynamics under native conditions. In addition, we examined how the formation of higher-

order complexes depends on the presence of apisimin (A) and glycan chains (G). We 

compared the behavior of native MRJP1 in the presence of apisimin (“A+”) and with 

glycans attached (“G+”) to that of samples that had undergone deglycosylation (“G−”) as 

well as partial apisimin removal (denoted as “A−”). The four types of samples generated in 

this way are denoted A+G+, A−G+, A−G−, and A+G−. Our data allow us to propose simple 

structural models for the complexes encountered under these different conditions.

MATERIALS AND METHODS

Sample Preparation

Protein samples were prepared in 50 mM HEPES (pH 7.5), unless otherwise noted. The 

MRJP1/apisimin complex was purified as described previously,22 resulting in stock solutions 

containing 50 μM protein. A subset of these A+G+ samples was subjected to apisimin 

depletion. Size exclusion and ion exchange methods have previously been shown to be 
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ineffective for separating apisimin from MRJP1, pointing to high-affinity noncovalent 

interactions.26 The presence of intermolecular disulfide bonds can be ruled out because 

apisimin does not contain Cys residues.26 We thus attempted to separate apisimin from 

MRJP1 by dialysis. Initial tests during which the MRJP1/apisimin complex was dialyzed 

against native buffer or 7 M urea solutions did not result in any appreciable change in the 

apisimin:MRJP1 ratio, as judged by ESI-MS signal intensities after separation on a reversed 

phase column (BEH300 C4, 1.7 μm, 2.1 mm × 50 mm, Waters, Milford, MA). A more 

effective strategy for apisimin depletion was dialysis against dilute aqueous formic acid 

solutions at pH 2 for 14 days on ice [using molecular weight cutoff (MWCO) 20000 

cassettes from Thermo, Waltham, MA]. This procedure reduced the apisimin:MRJP1 ratio 

by approximately 50% relative to that of the original A+G+ samples. The apisimin-depleted 

protein was exchanged back into nondenaturing HEPES at pH 7.5 and equilibrated for 24 h 

on ice prior to further analyses. The samples obtained in this way are denoted “A−G+”. 

MRJP1 deglycosylation (with or without apisimin depletion) was performed using PNGase 

F (Promega, Madison, WI),25 producing deglycosylated samples A−G− and A+G−. 

Quantitative glycan removal was confirmed using SDS–polyacrylamide gel electrophoresis 

(PAGE).25

Optical Spectroscopy

CD data were recorded on a Jasco (Easton, MD) J-810 spectropolarimeter using a 1 mm 

optical path length. Protein-free blanks were subtracted from the reported data. Secondary 

structure analysis was performed using the Spectra Manager software package supplied by 

the instrument’s manufacturer. Fluorescence data were acquired using a Jasco FP-6500 

spectrofluorimeter with an excitation wavelength of 285 nm.

Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE)

For BN-PAGE,29,30 protein samples were transferred into 50 mM bis-Tris-HCl buffer 

containing 15% (w/v) glycerol. Separation was performed on 5 to 18% (w/v) 

polyacrylamide gradient gels that were run at 15 mA and 4 °C for 4 h in an SE 600 

electrophoresis system (Hoefer, San Francisco, CA). The anode buffer consisted of 50 mM 

bis-Tris HCl, while the cathode buffer consisted of 50 mM Tricine, 15 mM bis-Tris, and 

0.02% (w/v) Coomassie brilliant blue G-250 (Bio-Rad, Hercules, CA). Thyroglobulin (669 

kDa), ferritin (440 kDa), catalase (232 kDa), lactate dehydrogenase (158 kDa), and bovine 

serum albumin (66 kDa) were used as calibrants. Apparent molecular weights (MWapp) 

were determined from using distance of migration versus log(MW) plots.29

Native Top-Down Mass Spectrometry

Native ESI-MS was performed as described previously31 using a modified Orbitrap Q-

Exactive instrument (Thermo Fisher, Bremen, Germany). Fragment ion spectra were 

calibrated internally and matched manually with a tolerance of 10 ppm using mMass.32 

MRJP1 samples were washed three times in a 100 mM neutral ammonium acetate solution, 

using Amicon filters with a MWCO 30000 membrane (Millipore, Darmstadt, Germany) 

prior to infusion. ESI was performed using a sheath-flow capillary electrophoresis device 

operated at a sprayer voltage of 1.5 kV.31,33 Prosight PC 3.0 (Thermo Fisher) and Prosight 

Lite were used for data analysis.
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Hydrogen/Deuterium Exchange Mass Spectrometry

MRJP1 samples (5 μM) were mixed with D2O-based labeling buffer in a 1:9 volume ratio at 

22 °C. Aliquots of 200 μL were removed after 10 s, 1 min, 10 min, and 100 min and 

reactions quenched by adding an equal volume of an ice-cold solution containing 0.675 M 

guanidinium chloride, 1% formic acid, and 15 μL of a 3 mg mL−1 pepsin solution (final pH 

of 2.5). Offine pepsin digestion took place on ice for 1 min. The samples were flash-frozen 

in liquid nitrogen and stored at −80 °C prior to analysis. The aliquots were then rapidly 

thawed to ~0 °C and manually injected into a nanoACQUITY UPLC instrument with HDX 

technology (Waters). Desalting and peptide separation were performed at 0 °C within 25 

min on an equilibrated reversed phase column (BEH C8, 1.7 μm particle size, 1 mm × 100 

mm) using a water/acetonitrile gradient with 0.1% formic acid at a rate of 40 μL min−1. 

Analysis was performed on a Waters Synapt G2 mass spectrometer. Zero-time controls (m0) 

for the correction of in-exchange were performed by exposing MRJP1 to quenching buffer, 

followed by D2O exposure, resulting in the same final solution composition that was seen 

for all other samples. Controls for fully exchanged MRJP1 (m100, for the correction of back 

exchange) were prepared by incubating 5 μM MRJP1 in a labeling solution at pH 2.0 and 

70 °C for 12 h. Normalized deuteration levels are reported as (mt − m0)/(m100 − m0) × 

100%, where mt represents the centroid mass of the peptide of interest after HDX for time t. 
Extensive washing and blank injections were used between individual runs to prevent 

carryover, thereby eliminating false EX1 artifacts.34 Peptide identification was performed 

using MSE and PLGS version 2.5.3 (Waters). HDX data were analyzed using DynamX 

version 3.0 (Waters). All experiments were conducted in triplicate

Thirty-four peptic peptides could be consistently observed with adequate signal/noise (S/N) 

ratios across all four types of samples. The HDX/MS peptic digestion map is depicted in 

Figure S1, using the standard residue numbering of full-length MRJP1.9 Only peptides that 

were observed under all four conditions are shown, providing a sequence coverage of 55%. 

This relatively low coverage is partially attributed to the presence of glycans in G+ samples, 

which precluded the detection of peptides in the vicinity of glycosylation sites N144 and 

N177.24 Control experiments using trypsin yielded a sequence coverage of 64%, only 

slightly higher than that for pepsin (Figure S2). The sequence stretches covered by trypsin 

mapping resemble those detected after pepsin digestion. The limited sequence coverage seen 

with both proteases is consistent with the fact that MRJP1 experiences various post-

translational modifications9,20 in addition to glycosylation.24 Any such covalent 

modifications will interfere with peptide matching, which relies on comparisons with the 

cDNA-derived MRJP1 sequence.9 Analyses of the apisimin HDX behavior were not 

possible because of the low signal intensity of the corresponding peptides.

RESULTS AND DISCUSSION

Stoichiometry of Native MRJP1/Apisimin Complexes

As a first step toward a comprehensive characterization of the MRJP1/apisimin system, we 

determined the composition of unmodified (A+G+) samples. Native ESI-MS35–38 of A+G+ 

yielded a series of peaks, corresponding to MRJP1/apisimin complex ions with an average 

mass of 231.88 kDa and charge states of 27+ to 32+ (Figure 1a). Collisional activation of 

Mandacaru et al. Page 5

Biochemistry. Author manuscript; available in PMC 2018 March 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



30+ precursor ions released monomeric species with an average mass of 51.97 kDa and 

charge states of 12+ to 20+ (Figure 1b). This dissociation behavior is similar to asymmetric 

charge partitioning events seen for other complexes.35 The spectrum in Figure 1b also shows 

an intense apisimin2+ signal, consistent with the expected 5.54 kDa mass of the peptide. 

Activation of the intact complex (m/z 7000–8000) in the HCD39 cell yielded a remarkably 

clean spectrum with three dominant peaks corresponding to apisimin 1+ to 3+ (Figure 1b, 

inset). Pseudo-MS3 was implemented by subjecting monomeric MRJP112+ to HCD, 

generating fragment ions that were matched to the expected sequence9 (Figure 1c). The 

matched fragments correspond to cleavages within the 35 N-terminal and 16 C-terminal 

residues, consistent with reports that glycosylation24 and other post-translational 

modifications9 affect only residues closer to the center of the sequence.

The data depicted in Figure 1 unambiguously reveal the binding stoichiometry of the 

MRJP1/apisimin complexes in A +G+ samples. The measured mass (231.88 kDa) represents 

4 times the measured MRJP1 mass plus 4 times the mass of apisimin (4 × 51.97 kDa + 4 × 

5.54 kDa = 230.04 kDa). The slight difference between the two values (231.88 kDa vs 

230.04 kDa) likely reflects the loss of weakly bound nonspecific adducts during collisional 

activation, as previously reported for other protein complexes.35 Overall, we conclude that 

native A +G+ samples contain a substantial fraction of complexes with a (MRJP14 

apisimin4) stoichiometry. The ESI-MS-derived mass is in reasonable agreement with 

estimates of ~290 kDa that had been obtained using light scattering.22 We do not rule out the 

possibility that larger aggregates may form under mildly denaturing conditions (e.g., at pH 

9), as reported previously.22,26

The measured monomer mass (51.97 kDa) significantly exceeds that expected from the 

MRJP1 amino acid sequence (46.86 kDa).9 This 5.11 kDa difference is attributed largely to 

MRJP1 glycosylation.23–25 Glycosylation usually causes mass heterogeneity,40,41 consistent 

with the substantial width (full width at half-maximum of ≈1 kDa) of the spectral signals in 

Figure 1b. Other post-translational modifications may contribute to MRJP1 mass 

heterogeneity, as well.9,20

In addition to (MRJP14 apisimin4), native ESI-MS reveals the presence of monomeric 

MRJP1 in A+G+ samples (Figure S3). Unfortunately, detection biases and differences in 

ionization efficiency make it difficult to estimate the molar ratio of monomeric MRJP1 to 

(MRJP14 apisimin4) in solution from these ESI-MS data.38,42

Effects of Glycan and Apisimin on the Quaternary Structure of MRJP1

BN-PAGE is a complementary approach for monitoring biomolecular interactions. The 

association with Coomassie dye imparts negative charge to quasi-native proteins within the 

gel, allowing their electrophoretic separation while preserving interactions with binding 

partners.29,30 BN-PAGE was particularly useful for interrogating the properties of MRJP1 

samples after apisimin depletion (A−) and after glycosylation (G−), because it was difficult 

to generate high-quality native ESI mass spectra (not shown) under those conditions. Hence, 

we applied BN-PAGE to MRJP1 samples of the type A+G+, A−G+, A−G−, as well as A+G

− (Figure 2).
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A+G+ samples exhibit an intense band at a MWapp of ≈287 kDa corresponding to the native 

(MRJP14 apisimin4) complex. In addition, these samples show monomeric protein at a 

MWapp of ≈55 kDa. These data are in agreement with the native ESI-MS data depicted in 

Figure 1.

A−G+ and A−G− samples both exhibit BN-PAGE bands at a MWapp of ≈86 kDa. To 

interpret these bands, we recall two points that became apparent during sample preparation 

(as noted above). (i) Apisimin exhibits a a very high binding affinity for MRJP1.26 (ii) As a 

result of this high affinity, apisimin depletion in our “A−” samples was incomplete. The 

apisimin:MRJP1 ratio of these preparations was reduced by ~50% compared to that of the 

the original A+G+ samples. Accordingly, it seems likely that the MWapp ≈ 86 kDa bands 

predominantly correspond to (MRJP12 apisimin1) assemblies. The measured MWapp is 

lower than expected for such 2:1 complexes (theoretical MWs of 109.5 kDa for A−G+ and 

99.3 kDa for A−G−). However, such deviations are quite common in BN-PAGE, where 

exposed hydrophobic areas can favor excessive Coomassie binding. Such conditions cause 

elevated electrophoretic mobilities that give rise to abnormally low MWapp values.43 A+G− 

samples form large assemblies that cannot migrate into the gel (last lane in Figure 2).

In summary, the combination of native ESI-MS and BN-PAGE yields a consistent picture of 

the binding stoichiometries for the different types of samples studied here. A+G+ samples 

contain (MRJP14 apisimin4) complexes, as well as MRJP1 monomers. A−G+ and A−G− 

conditions give rise to the formation of (MRJP12 apisimin1) complexes. The prevalence of 

dimeric MRJP1 assemblies in these perturbed samples suggests that native (MRJP14 

apisimin4) possesses a “dimer of dimers” architecture. A similar situation is encountered for 

many other tetrameric proteins, where two pairs of tightly bound chains come together to 

form the overall complex.44–46 Large assemblies of the type (MRJP1m apisiminn), where m 
≫ 4 and n ≫ 4, are encountered for A+G− samples.

Our data support the view11,26 that apisimin promotes the noncovalent association of 

MRJP1. Apisimin depletion shifts the binding stoichiometry from species containing four 

MRJP1 chains to assemblies that contain only two MRJP1 chains (Figure 2). After 

deglycosylation, the presence of apisimin triggers the formation of large aggregates [A+G− 

(Figure 2)]. The fact that these large assemblies form only after glycan removal points to the 

role of glycans as aggregation inhibitors, in line with reports for other proteins.47–49

Characterization by Optical Spectroscopy

Far-UV CD spectra provide insights into secondary structure50 (Figure 3a). A+G+ samples 

exhibited a main minimum at 208 nm. Deconvolution of this spectrum suggests 47% 

antiparallel β-sheet and 28% random coil, with the remainder being due to α-helices, 

parallel β-sheet, and β-turns. Apisimin depletion and/or deglycosylation caused only minor 

changes in the CD spectra. A+G− samples displayed a small shift in the position of the CD 

minimum from 208 to 207 nm, suggesting a 5% reduction in antiparallel β-sheet content and 

a subtle (2%) increase in random coil character. While these percentages represent only 

semiquantitative estimates,51,52 Figure 3a nonetheless indicates that MRJP1 exhibits a 

relatively high degree of disorder under all conditions studied.
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MRJP1 possesses five Trp residues. The Trp emission maximum for A+G+ was at 335 nm 

(Figure 3b). The other three types of samples showed spectra that were slightly red-shifted, 

with maxima of 338 nm (A−G+), 341 nm (A−G−), and 340 nm (A+G−). These UV 

emission properties report on the environment of Trp side chains.53 The observed spectral 

shifts relative to A+G+ indicate structural changes from a hydrophobically buried 

environment to a conformation in which Trp side chains become slightly more solvent 

accessible.54,55 Thus, some hydrophobic contacts that exist in native MRJP1 (A+G+) 

become disrupted after apisimin depletion and/or deglycosylation.

The spectroscopic data of Figure 3 also provide insights into the nature of the large 

(MRJP1m apisiminn) assemblies formed under A+G− conditions. The CD and fluorescence 

signatures of these species remain quite similar to those seen for the other sample types. 

This behavior reflects the fact that the A+G− assemblies do not precipitate. Insoluble 

precipitates would show spectra with greatly reduced signal amplitudes and diminished S/N 

ratios.56,57 In other words, our data imply that A+G− conditions produce soluble aggregates, 

resembling the behavior seen for several other proteins under mildly denaturing 

conditions.58,59

Hydrogen/Deuterium Exchange

HDX/MS is a sensitive tool for examining how protein structure and dynamics respond to 

changes in biomolecular interactions or other external factors.45,60–62 HDX/MS measures 

the mass increase that results from the deuteration of backbone NH groups in D2O-based 

labeling buffer. At near-neutral pH, disordered segments undergo exchange with rate 

constants (kch) on the order of ≈1 s−1.63–65 HDX rates are greatly reduced in well-structured 

regions that are stabilized by backbone hydrogen bonds. These folded regions usually 

undergo deuteration in the EX2 regime, which is characterized by isotope envelopes that 

gradually shift toward higher masses. EX2 behavior is indicative of opening/closing 

transitions that take place on a time scale much faster than 1 s−1.63 Conversely, correlated 

opening/closing events much slower than 1 s−1 give rise to bimodal isotope distributions 

(commonly termed EX1 exchange).61,66,67

Representative HDX kinetic plots are depicted in Figure 4 (see Figure S4 for the complete 

data set). Most peptides exhibit deuteration levels greater than 50% already at the earliest 

labeling time point of 10 s. After 100 min, all peptides approach complete deuteration. This 

is in contrast to the behavior of many other proteins, which possess well-folded regions that 

are highly protected against HDX.45,68,69 The across-the-board rapid deuteration seen here 

for MRJP1 under the various experimental conditions is reminiscent of data previously 

reported for intrinsically disordered proteins.64,65,70,71

To compare the properties of A+G+, A−G+, A−G−, and A +G− in a comprehensive fashion, 

we will focus on deuteration levels for t = 1 min (Figure 5a–d). The deuteration patterns of 

the four samples show many similarities. With a fully deuterated N-terminal region as a 

starting point, the HDX levels decline to values of ~60% for segment 69–77, suggesting 

some weak hydrogen bonding in this region, possibly in combination with sequestration of 

NH groups in the protein interior. Between residues 91 and 265, MRJP1 is highly disordered 

with deuteration values close to 100% for A+G+, A−G−, and A +G−, while slight protection 
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is seen in this range for A−G+ (Figure 5b). Protection is most pronounced for all four 

samples beyond residue 265, with many deuteration values between 25 and 75%. We 

conclude that the C-terminal region comprising residues 266–432, while still being quite 

dynamic, is the most structured part of MRJP1.

The subtle HDX changes caused by apisimin depletion and deglycosylation are best 

visualized by resorting to difference plots, using the A+G+ data as a reference. Negative 

values for A−G+ in the range of residues 202–302 reveal that A−G+ is slightly more 

protected in this region than A+G+ is (Figure 5e). The HDX properties of A−G− are quite 

similar to those of A+G+, which is evident from difference values close to zero throughout 

the entire sequence range (Figure 5f). The largest changes are seen for A+G−, where the C-

terminal region of residues 266–369 exhibits deuteration levels significantly elevated 

compared to those of A+G+ (Figure 5g).

To gain additional insights into the weak HDX protection observed under the four 

conditions, it is instructive to look at unprocessed mass spectra. Remarkably, all MRJP1 

regions that showed incomplete deuteration exhibited bimodal isotope distributions, 

implying that HDX proceeds in the EX1 regime for all four conditions (Figure 6).61,66,67 

Already after 10 s, the EX1 distributions showed a well-developed high-mass component, 

with an amplitude on the order of 30–60% for most peptides. This behavior reveals that all 

of the MRJP1/apisimin samples exist as partially structured species that are in equilibrium 

with conformers that are more unfolded. In addition, the reversible dissociation of higher-

order structures into smaller building blocks (e.g., tetramer ↔ monomer transitions in the 

case of A+G+) could contribute to the observed EX1 behavior. The level of EX1 low-mass 

components diminished over time but remained detectable even after 100 min. These slow 

kinetics imply that the interconversion of partially structured species with more unfolded 

conformers takes place on a time scale of several hours.61,66,67

Hydropathy Analysis

Most water-soluble proteins fold into structures in which nonpolar side chains are buried in 

the core, while hydrophilic residues remain solvent accessible.72,73 Our data demonstrate 

that MRJP1/apisimin complexes are quite disordered, without a well-developed core. 

However, it is known that even for such disordered proteins some clustering of nonpolar 

residues can take place, specifically in regions that are involved in intermolecular 

contacts.74,75

To identify possible MRJP1 regions that might show nonpolar clustering, we conducted a 

Kyte–Doolittle analysis,76 using the standard scale that ranges from −4.5 for Arg as the most 

hydrophilic residue to +4.5 for Ile as the most hydrophobic. The average hydropathy of 

MRJP1 is −0.44 ± 1, reflecting the low percentage of nonpolar residues in this protein. 

The 316VLFFGLV322 segment stands out as the most hydrophobic region, which is evident 

from the prominent spike centered at residue 319 in Figure 7a. Interestingly, this region is 

most protected against deuteration in unmodified MRJP1 (Figures 4d and 5a). As in the case 

of other disordered proteins,74,75 MRJP1 therefore contains at least one hydrophobic region 

that is relatively structured.
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In contrast to MRJP1, apisimin is quite hydrophobic with an average hydropathy of 0.95 

± 0.9 (Figure 7b). This nonpolar character is particularly pronounced for the C-terminal half 

of the peptide (25IVS…VFA54) that has a hydropathy of 1.4 ± 0.5.

Implications for the Native MRJP1/Apisimin Complex

The establishment of nonpolar contacts generally represents the dominant driving force for 

the formation of protein–protein interactions.77,78 This is particularly the case for 

intrinsically disordered proteins, in which the corresponding nonpolar regions tend to be 

among the most structured elements.74,75 Accordingly, the MRJP1 316VLFFGLV322 region 

is a prime candidate for the formation of intermolecular contacts because this segment 

exhibits the highest hydrophobicity (Figure 7a). The 316VLFFGLV322 region was not 

completely covered in our HDX experiments. However, the partially overlapping segment 

303–318 showed the strongest protection in MRJP1 (Figures 4d and 5a), supporting the view 

that this region is a key binding element.

Our data (Figure 2) as well as earlier work11,26 demonstrate that the association of MRJP1 

complexes is mediated by apisimin. The native ESI-MS data of Figure 1 uncovered the fact 

that these complexes possess a (MRJP14 apisimin4) stoichiometry, suggesting that apisimin 

acts as linker that binds MRJP1 monomers together. The hydrophobic nature of apisimin 

(Figure 7b) implies that these linkages are dominated by nonpolar contacts. It seems likely 

that linkages within the native (MRJP14 apisimin4) complex involve nonpolar contacts 

between the C-terminal half of apisimin (25IVS…VFA54) and the MRJP1 316VLFFGLV322 

segment (Figure 7).

CONCLUSIONS

Previous efforts to generate high-resolution structural data for MRJP1 were unsuccessful. In 

the study presented here, we applied a range of biophysical techniques, each of which 

provides insights into specific aspects of protein conformations and interactions. The 

information obtained allows us to propose simple structural models of MRJP1/apisimin 

complexes that are encountered for the four types of samples studied here. All of the species 

(A+G+, A−G+, A−G−, and A+G−) are relatively disordered, and they undergo slow (EX1) 

interconversion with coexisting species that are even more unfolded.

Native A+G+ conditions favor the presence of (MRJP14 apisimin4) complexes (Figure 8a). 

The MRJP1 chains within these complexes are largely unstructured in the range of residues 

20–265; this includes glycan attachment sites N144 and N177. Residues 266–432 adopt a 

marginally stable fold that may be organized in an antiparallel β-sheet conformation, as 

suggested by the CD data of Figure 3. The 316VLFFGLV322 hydrophobic segment is among 

the most structured segments. Apisimin acts as an α-helical linker that binds the MRJP1 

chains together. A key element of these interactions are nonpolar contacts 

between 316VLFFGLV322 and the hydrophobic C-terminal portion of apisimin (25IVS…

VFA54). In addition, direct contacts between adjacent MRJP1 chains cannot be ruled out. 

The four MRJP1 molecules are assembled in a “dimer of dimers” architecture, implying the 

presence of two tight subunit–subunit interfaces and two loose interfaces (corresponding to 

the horizontal and vertical contacts in Figure 8a, respectively). The relatively low ESI charge 

Mandacaru et al. Page 10

Biochemistry. Author manuscript; available in PMC 2018 March 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



states formed in the native solution (Figure 1a) indicate that despite their disorder, the 

overall structure of the (MRJP14 apisimin4) complexes is quite compact.79

In A−G+ and A−G− samples, the apisimin concentration is reduced by roughly 50% relative 

to those of the A+G+ preparations. Linker depletion causes dissociation of (MRJP14 

apisimin4) into (MRJP12 apisimin1) subcomplexes, as indicated in panels b and c of Figure 

8. This dissociation causes only minor changes in the overall conformational properties of 

the MRJP1 chains. However, Trp side chains become more solvent accessible, and newly 

exposed interfaces cause excessive Coomassie dye binding, consistent with the disruption of 

protein–protein contacts.

The glycan chains at residues N144 and N177 play a role in controlling the degree to which 

apisimin can cause association of MRJP1 into larger aggregates. For other proteins, it has 

been demonstrated that glycans can inhibit aggregation, because steric clashes of the heavily 

hydrated sugar chains interfere with self-association of the protein.47–49 In the case of 

MRJP1, deglycosylation results in apisimin-mediated association into large soluble 

assemblies of the type (MRJP1m apisiminn) where m ≫ 4 and n ≫ 4. These A+G− 

conditions destabilize previously existing backbone hydrogen bonds in the range of residues 

266–432 (Figure 8d).

From the proposed structural models of Figure 8, uncovering the exact mechanism by which 

MRJP1 might tap into EGFR-mediated events that trigger the development of bee larvae into 

queens still requires a great deal of work.15–17 With the nutritional role of MRJP1 in 

mind,9,14 the semiunfolded nature of (MRJP14 apisimin4) complexes in RJ may be 

important for ensuring efficient hydrolysis by proteases in the larval digestive tract.80 

Interestingly, proteomic analyses have uncovered significant differences in the makeup of 

the gastrointestinal enzymes of queens relative to that of worker bees and drones.81 It seems 

likely that queen development is not triggered by the intact (MRJP14 apisimin4) complexes 

per se, but by proteolytic products that are generated in the digestive tract and absorbed into 

the hemolymph.

Considering the disordered nature of native MRJP1/apisimin complexes, it is not surprising 

that crystallization efforts (in M.V.d.S.’s laboratory, unpublished observations) were 

unsuccessful. In previous work on other proteins, HDX/MS was applied to pinpoint regions 

of disorder, thereby allowing the design of “disorder-depleted” constructs that then yielded 

high-quality crystals.82 Our HDX/MS experiments identify residues 20–265 as the most 

disordered region within native MRJP1/apisimin assemblies. In future studies, it will be 

interesting to perform crystallization trials on constructs where this N-terminal part of 

MRJP1 has been deleted. Our data predict that such constructs should still be able to form 

tetrameric assemblies with apisimin (Figure 8a), because we believe the apisimin binding 

site to be in the vicinity of residue 320.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BN-PAGE blue native polyacrylamide gel electrophoresis

CD circular dichroism

EGFR epidermal growth factor receptor

ESI electrospray ionization

HDX hydrogen/deuterium (H1/H2) exchange

MS mass spectrometry

MWapp apparent molecular weight from gel electrophoresis

PNGase F, peptide N-glycosidase F
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Figure 1. 
(a) Native ESI mass spectrum of the MRJP1/apisimin complex isolated from RJ (A+G+ 

sample). (b) Collisional activation of 30+ precursor ions releases highly charged MRJP 

monomers and apisimin. The peak marked with an asterisk corresponds to apisimin2+ with 

an unidentified 222.15 Da adduct. The inset in panel b shows apisimin ions in charge states 

of 1+ to 3+, generated by collisional activation of the intact complex. (c) Deconvoluted top-

down fragmentation spectrum of MRJP112+ precursor ions. The inset in panel c shows the 

graphical fragment map, with cleavage sites corresponding to N-terminal (b-type) ions and 
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C-terminal (y-type) ions that could be matched to the protein sequence with a mass accuracy 

of <5 ppm. The fragmentation map of apisimin is included in the inset of panel b.
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Figure 2. 
BN-PAGE analyses of protein–protein interactions. Lane 1 contained MW markers. Lanes 

2–5 show data for MRJP1 samples A+G+, AG+, A−G−, and A+G−, respectively.
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Figure 3. 
(a) Far-UV CD spectra and (b) Trp fluorescence emission spectra of the four types of 

MRJP1 samples.
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Figure 4. 
Kinetics of deuteration measured for various representative segments for the four types of 

MRJP1 samples. Each data point is the average of three independent measurements; error 

bars represent standard deviations.
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Figure 5. 
Deuteration levels measured for MRJP1 peptides after HDX for 1 min. Data for the four 

different conditions are indicated in panels a–d. Panels on the right-hand side show 

difference plots relative to the A+G+ data: (e) A−G+ minus A+G+, (f) A−G− minus A+G+, 

and (g) A+G−minus A+G+.
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Figure 6. 
Measured isotope distributions of MRJP1 segment 276–287 after deuteration for 10 s (a–d), 

and 100 min (e–h). The four columns of this figure are for the different types of samples, as 

indicated along the top. Also shown in each panel are Gaussian decompositions of the 

bimodal isotope distributions. Additional peptide data are shown in Figure S5.
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Figure 7. 
Kyte–Doolittle hydropathy analyses of (a) MRJP1 and (b) apisimin, generated using http://

web.expasy.org/protscale with a seven-residue averaging window and linear weighting. Key 

hydrophobic segments proposed to be involved in intermolecular contacts are highlighted.
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Figure 8. 
Cartoon models of MRJP1/apisimin complexes. (a) A+G+ conditions favor (MRJP14 

apisimin4) assemblies; apisimin acts as a hydrophobic linker that connects the relatively 

structured MRJP1 C-terminal regions. The N-terminal regions are disordered. Apisimin-

depleted samples (b) A−G+ and (c) A−G− form (MRJP12 apisimin1) complexes. (d) A+G− 

samples undergo apisimin-mediated formation of soluble aggregates. MRJP1 is colored light 

blue. Apisimin is colored dark purple. Glycans at N144 and N177 are colored red. The 

hydrophobic MRJP1 segment of residues 316–322 is colored yellow.
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