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Abstract 
Cross-linkers play a critical role in capturing protein dynamics in chemical cross-linking mass spectrometry techniques. Various types of 
cross-linkers with different backbone features are widely used in the study of proteins. However, it is still not clear how the cross-linkers’ 
backbone affect their own structure and their interactions with proteins. In this study, we systematically characterized and compared 
methylene backbone and polyethylene glycol (PEG) backbone cross-linkers in terms of capturing protein structure and dynamics. 
The results indicate the cross-linker with PEG backbone have a better ability to capture the inter-domain dynamics of calmodulin, 
adenylate kinase, maltodextrin binding protein and dual-specificity protein phosphatase. We further conducted quantum chemical 
calculations and all-atom molecular dynamics simulations to analyze thermodynamic and kinetic properties of PEG backbone and 
methylene backbone cross-linkers. Solution nuclear magnetic resonance was employed to validate the interaction interface between 
proteins and cross-linkers. Our findings suggest that the polarity distribution of PEG backbone enhances the accessibility of the cross-
linker to the protein surface, facilitating the capture of sites located in dynamic regions. By comprehensively benchmarking with 
disuccinimidyl suberate (DSS)/bis-sulfosuccinimidyl-suberate(BS3), bis-succinimidyl-(PEG)2 revealed superior advantages in protein 
dynamic conformation analysis in vitro and in vivo, enabling the capture of a greater number of cross-linking sites and better modeling 
of protein dynamics. Furthermore, our study provides valuable guidance for the development and application of PEG backbone cross-
linkers. 
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INTRODUCTION 
Protein structure and dynamics are fundamental in unraveling 
the functions and mechanisms of biological macromolecules. 
Several structural biology techniques, including X-ray crystallog-
raphy [1], nuclear magnetic resonance (NMR) spectroscopy [2–4], 
cryo-electron microscopy (cryo-EM) [5–8] and small-angle X-ray 
scattering (SAXS) [9, 10], have been widely employed to study 
protein structure and dynamics [11, 12]. 

In recent years, chemical cross-linking mass spectrometry 
(XL-MS) has emerged as a potent tool for investigating the 
protein structure and interactions, particularly the protein 
structure in the cellular microenvironment [13–17]. XL-MS utilizes 
cross-linkers that react and link specific residues within a 
defined range, allowing for the identification of cross-linked 
residues through high-resolution mass spectrometry. This, in 
turn, furnishes valuable distance constraints within the three-
dimensional structure, thereby enhancing our comprehension
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of protein structure [18, 19]. Moreover, to enhance the capacity 
of cross-linkers for capturing dynamic protein conformations, 
another approach involves improving their reactivity and 
biocompatibility within physiological cellular environments. This 
can be accomplished by developing cross-linkers with hydrophilic 
groups to enhance their solubility under biologically orthogonal 
conditions [13]. Traditional cross-linkers like DSS possess a 
hydrophobic methylene backbone, which limits the solubility with 
the increased chain length. To address this limitation, alternative 
cross-linkers have been developed, such as bis-sulfosuccinimidyl-
suberate (BS3), which is an ionizable succinimidyl ester sulfonic 
acid–based compound that improves water solubility (Figure S1 
available online at http://bib.oxfordjournals.org/ ) [20–22]. How-
ever, it’s worth noting that BS3 might have restricted membrane 
permeability. The other strategy is to modify the structural 
composition of the cross-linker arms. Polyethylene glycol (PEG), 
a versatile polymer renowned for its exceptional water solubility, 
has wide application in the delivery of therapeutic biomolecules 
due to its hydrophilic and non-toxic nature [23]. Additionally, by 
utilizing the excellent water solubility of PEG, longer PEG chains 
can be designed to enhance the capture of sites with longer spatial 
distances. 

Therefore, considering the remarkable versatility of PEG back-
bone cross-linkers in biological systems, an intriguing question 
arises regarding the capture capability of methylene backbone 
cross-linkers compared to PEG backbone cross-linkers for protein 
structure and dynamics. However, to date, there hasn’t been a sys-
tematic comparative study between hydrophobic and hydrophilic 
backbone cross-linkers. Hence, in this study, we conducted a 
comparison study of the performance between BS3/DSS and bis-
succinimidyl-(PEG)2 [referred to as BS(PEG)2, with two PEG units] 
cross-linkers in terms of protein structure and dynamic charac-
terization (Figure S1 available online at http://bib.oxfordjournals. 
org/ ). We selected four multi-domain proteins: calmodulin (CaM) 
[ 24], adenylate kinase (AdK) [25], maltodextrin binding protein 
(MBP) [26] and dual-specificity protein phosphatase (PTEN) [27] as  
the subjects. Inter-domain dynamics of these proteins were inves-
tigated using these two different cross-linkers. Furthermore, the 
thermodynamic and kinetic properties of BS(PEG)2 and BS3 were 
explored through quantum chemical calculations and all-atom 
molecular dynamics (MD) simulations. Additionally, solution NMR 
was employed to evaluate the interactions between protein and 
the cross-linkers. We comprehensively revealed the advantages 
of BS(PEG)2 in protein dynamic analysis by benchmarking its 
physical and chemical characteristics, in vitro and in vivo cross-
linking capabilities and the mechanism underlying its stronger 
capture ability for dynamic regions against BS3/DSS. 

RESULTS 
PEG cross-linker improves the capture of protein 
dynamics in vitro 
To evaluate the protein dynamic characterization of methylene 
backbone and PEG backbone cross-linkers, we focused on com-
paring the differences between BS3/DSS and BS(PEG)2, taking into 
account their similar arm lengths but distinct backbone struc-
tures (Figure S1 available online at http://bib.oxfordjournals.org/ ). 
Firstly, we investigated the cross-linking performance of these 
cross-linkers on three proteins: CaM, AdK and MBP, which exhibit 
typical inter-domain dynamics. These proteins were cross-linked 
in their apo form in vitro, without binding to any substrate ligands 
or target proteins. To better compare the cross-linking capabilities 

of different backbones, we chose the more soluble BS3 over DSS for 
the in vitro cross-linking experiments. 

For the identified number of cross-linked sites, whether the 
analysis is conducted using only target proteins or by incorpo-
rating a yeast database as a trap library for cross-linking data 
retrieval, BS(PEG)2 exhibited capturing more cross-linked pairs 
compared to BS3 for all three proteins with high spectra qual-
ity (Figure 1, Table S1, Figure S2, Supplementary File—Instances 
of MS Spectra available online at http://bib.oxfordjournals.org/ ). 
Specifically, in the case of CaM, it adopts a dumbbell-like extended 
conformation in the absence of target protein binding (apo state). 
The residues between N and C domain (residues 77–81) exhibit 
flexibility, allowing CaM to adopt a more closed conformation 
in holo state upon binding to interacted proteins ( Figure S3A 
available online at http://bib.oxfordjournals.org/ ). BS(PEG)2 cap-
tured 36 cross-linked pairs, 4 more than BS3. Notably, three of 
the four additional cross-linked pairs were between the N and C 
domains, suggesting PEG captured more cross-linking information 
representing the inter-domain dynamics of CaM ( Figure 1A). 

For AdK, the crystal structure of the apo form revealed an 
open conformation, with the ATP and AMP domains separated 
(Figure S3B available online at http://bib.oxfordjournals.org/ ), 
while the ATP and AMP domains will move toward the central 
core domain upon binding to the substrate AP5A (  Figure S3B 
available online at http://bib.oxfordjournals.org/ ). Here, BS(PEG)2 

captured 129 cross-linking pairs compared to 122 using BS3. 
Notably, BS(PEG)2 captured an additional 15 unique inter-domain 
cross-linking pairs involving the ATP-core, AMP-core and ATP-
AMP residues, indicating its ability to investigate the different 
dynamic states of the three domains in apo AdK ( Figure 1B). 
Importantly, these findings are consistent with previous findings, 
which suggest that the three domains in AdK undergo collective 
motions even in the absence of ligand binding [25]. In the case 
of MBP, the protein also consists of two domains (N domain and 
C domain) connected by three flexible linker residues. Crystal 
structures suggest that MBP undergo ∼35◦ domain bending 
upon sugar binding (Figure S3C available online at http://bib. 
oxfordjournals.org/ ). Our study identified a total of 176 residue 
pairs cross-linked by BS(PEG)2. Among these, 72 inter-domain 
cross-linking pairs (including 27 unique pairs) provided evidence 
of the bending motion between the two domains in apo MBP 
( Figure 1C), which is consistent with the previous NMR data [26]. 

Taken together, the above results demonstrate that XL-MS can 
capture inter-domain dynamics in solution, even in the absence 
of ligand or target protein binding. These dynamic characteristics 
are consistent with experimental data in solution. Compared to 
BS3, BS(PEG)2 was able to capture more cross-linking sites, partic-
ularly inter-domain sites, highlighting its suitability for investigat-
ing protein dynamics. These additional cross-linking sites provide 
valuable information for further modeling the dynamic structure 
of the protein. 

Intrinsic features of PEG cross-linker make it 
easier to approach protein surface 
To further explore the intrinsically properties of different cross-
linkers with different backbone, we performed all-atom MD sim-
ulations for BS(PEG)2 as well as DSS/BS3. In the following compu-
tational and simulation studies, we selected DSS as comparative 
agent with the same NHS ester group as BS(PEG)2. By calculating 
the distances between the oxygen atoms (Oα–Oα’) at the ends 
of the cross-linker from the simulation trajectories, we can sta-
tistically obtain the conformation distribution of the two cross-
linkers. The results demonstrate that both DSS and BS(PEG)2
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Figure 1. XL-MS analysis was conducted on three proteins in vitro respectively (A: CaM, B: AdK,  C: MBP). The total number and the inter-domain cross-
linked pairs were indicated with the Venn diagrams. The cross-linked pairs captured by BS(PEG)2 and BS3 were indicated, respectively. The structures 
of these proteins in the apo state are shown in the right panel, with different colors indicating the different structural domains and the linker between 
the structural domains. The inter-domain cross-linked sites are indicated by spheres, and the dotted lines between the spheres indicate the cross-links 
formed between them. 

exhibit very low probability of being in a fully extended state, 
indicating that the fully extended state of the cross-linker is 
an energetically unstable state ( Figure 2A and B). Both cross-
linkers exhibit two different conformation states, with the junc-
tion of the two states around 7–8 Å. Therefore, we treat dis-
tances less than 7 Å as the closed state and distances greater 
than 8 Å as open states. The DSS spends 23.9% of the time 
in the open states (Figure 2A). In comparison, BS(PEG)2 exhib-
ited a higher proportion of closed states (33.9%) and relatively 
lower proportion of open states (53.2%) (Figure 2B) than DSS.  
The represent structures from MD trajectory indicate the closed 
states correspond to a folded-back compact conformation, while 
the open states correspond to a more extended conformation 
(Figure 2C). 

Moreover, the kinetic parameters delineated the distinct free 
energy landscapes of the two cross-linkers (Figure 2D). The results 
showed that the dwell time of the open state was similar for 
both DSS and BS(PEG)2, while the closed state of BS(PEG)2 had 

a significantly longer dwell time (Figure S4 available online at 
http://bib.oxfordjournals.org/ ). This is consistent with the pre-
viously mentioned the open state of DSS is similar to that of 
BS(PEG)2, while the BS(PEG)2 has a greater proportion of closed 
states, indicating a lower energy of the closed states. Addition-
ally, the exchange rate between the open and closed state was 
faster for BS(PEG)2 (1635 ± 26/μs) compared to DSS (1253 ± 67/μs). 
Therefore, the energy barrier between the open and closed states 
is lower for BS(PEG)2 than for DSS, facilitating easier transition 
between the two states and resulting in a faster exchange rate 
( Figure 2D). On the other hand, we utilized quantum chemical 
calculation to calculate the partial charges of the cross-linker 
backbone atoms. Statistical analysis revealed significant differ-
ences in partial charges of different atoms, despite the overall 
electrically neutral state of the cross-linker. The DSS backbone 
tended to exhibit a more neutral distribution (Figure 2E), whereas 
BS(PEG)2 displayed greater polarity, with most atoms carrying 
higher charges (Figure 2F).
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Figure 2. Dynamic and kinetic analysis of DSS and BS(PEG)2. (A, B) The distance between Oα and Oα′ was used to evaluate the conformation distributions 
of the DSS and BS(PEG)2, two-dimensional structures of the two cross-linkers with the theoretical maximum distance between these two atoms (when 
the cross-linker is fully extended) were indicated. The statistics of the distance distribution between two atoms can be fitted with two Gaussian functions, 
collectively representing two states. The proportion and dwell time of closed and open states were also indicated. (C) Representative conformers from MD 
trajectories of cross-linkers in closed and open states. (D) Schematic free energy landscape for two cross-linkers. Exchange rates for the two cross-linkers 
were indicated. (E, F) Charge distribution of the cross-linkers backbone computed with Gaussian. 

As a result, the more polar BS(PEG)2 had a propensity for 
adopting the closed state, and the enhanced intramolecular elec-
trostatic interactions facilitated conformational dynamics, reduc-
ing the energy barrier and resulting in a faster exchange rate 
between different conformational states. The lower energy bar-
riers indicate that the PEG backbone exchanges between different 
conformational states more frequently, thereby increasing the 
likelihood of capturing sites at different distances. Meanwhile, 
more polar BS(PEG)2 is more likely to approach the polar protein 
surface. 

The cross-linking reaction typically involves one end of the 
cross-linker initially forming a covalent connection with the pro-
tein, and a greater number of closed states suggests that the 
BS(PEG)2, after forming a covalent connection at one end, is more 
likely to approach the protein surface with the other end. To 
explore this, we patched one end of DSS and BS(PEG)2 to the lysine 
side chain (K41 and K137) of the MBP protein, while allowing 
the remaining parts to move freely (Figure S5 available online 
at http://bib.oxfordjournals.org/ ). All-atom MD simulations were 
performed with the MBP protein connected to the cross-linker 
to examine the conformational changes of the cross-linker upon 
binding to the protein. To visually depict the movement of the 
cross-linker, the terminal carbon atoms of the cross-linkers (rep-
resented as a pink sphere in Figure S5 available online at http:// 
bib.oxfordjournals.org/ ) in all snapshots from the simulation tra-
jectories were rendered as spheres. The results revealed that 
regardless of the attachment sites on the protein, the structural 
distributions of BS(PEG)2 were much closer to the protein surface 
and more concentrated ( Figure 3A and D). 

Meanwhile, we also calculated the distance distribution 
between the ends of different cross-linkers during the simulation 
process. Similar to the conformational distribution in its free 
form described earlier, when one end of BS(PEG)2 is linked to the 
protein, the conformation still exhibits a bimodal distribution, 
appearing a larger proportion of the closed state (Figure 3B and E). 
In comparison, the structure of the DSS predominantly exhibits 
extended conformational states (Figure 3C and F). Additionally, 
we calculated the distances between the terminal carbon atom 
(Cz) of the cross-linker and the terminal Nz atom of lysine side 
chains. The results indicated that when one end was attached 
to the protein, the other terminal of BS(PEG)2 connected to the 
lysine side chain was significantly closer to the protein surface 
(Figure 3G–L). The results indicate that when one end of the 
BS(PEG)2 is connected to the protein, the other end has a higher 
probability of approaching the side chains of other lysine residues, 
thereby forming a cross-link. This finding further explains why 
BS(PEG)2 can capture more cross-linking information. 

Furthermore, we conducted NMR experiments to confirm 
the enhanced propensity of the BS(PEG)2 backbone to 
approach the protein surface. We employed two compounds 
with backbones similar to BS3/DSS and BS(PEG)2, namely, 
N-[ε-maleimidocaproyloxy] succinimide ester (EMCS) and N-
hydroxylsuccinimide (NHS)-polyethylene glycol-maleimide (NHS-
PEG-MAL) (Figure 4A). These cross-linker analogs featured a 
maleimide group at one end and an NHS ester at the other end. 
Initially, we reacted an excess of Tris with the small molecules to 
convert the NHS ester into an inactive amine. After that, these 
small molecules were attached to the D41C site of the MBP
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Figure 3. MD simulation results for MBP patched with two cross-linkers. (A, D) Depict the distribution of terminal atom of DSS and BS(PEG)2 attached to 
K41 and K137 of MBP, represented by spheres for each cross-linker. (B, C, E, F) The distance distribution of patched DSS and BS(PEG)2, which calculated 
with the Nz atom of the patched sites (K41 and K137) to the terminal carbon atom of the cross-linkers. (G–L) The distance distribution between the 
neighboring Nz atom of lysine side chain and the terminal carbon atom of cross-linkers. 

protein ( Figure S6 available online at http://bib.oxfordjournals. 
org/ ). The previous NMR experiments had already confirmed the 
D41C mutation did not affect the structure of the MBP protein 
[ 26]. The 1H-15N HSQC spectra of MBP protein with or without the 

attached cross-linker analogs were recorded. The chemical shift 
perturbation (CSP) was employed to evaluate the interactions 
between the cross-linker analogs and the amino acids on the 
protein.
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Figure 4. NMR experiments to investigate the interaction of cross-linker analogs with MBP. (A) The chemical structures of DSS and BS(PEG)2 with their 
analogs used in NMR experiments, respectively. (B) Structure of MBP protein with different domains represented by distinct colors. Residue (D41C) used 
for attaching cross-linker analogs are indicated. Residues that exhibited significant chemical shift perturbations (CSPs) after binding with BS(PEG)2 
analogs are shown as spheres. (C, D) The CSPs of different cross-linker analogs. CSPs were calculated by subtracting the chemical shift of the MBP 
without analog from the chemical shift of the MBP with cross-linker analog connected. 

The results indicate that there was almost no CSP observed 
before and after connecting the MBP with the DSS analog, with 
most of CSP values below 0.05 ppm ( Figure 4C and Figure S7A 
available online at http://bib.oxfordjournals.org/ ). In contrast, 
when connecting the BS(PEG)2 analog to MBP, more significant 
CSPs were observed, with specific amino acids showing chemical 
shifts exceeding 0.15 ppm ( Figure 4D and Figure S7B available 
online at http://bib.oxfordjournals.org/ ). These notable CSPs were 
not limited to the vicinity of the connection site, such as G13 and 
E44, but were also observed in amino acids located at a greater 
distance, especially within the C domain of the protein, including 
A112, Y155, A168 and A338 ( Figure 4B). These perturbations in 
the amino acid chemical shifts indicate that BS(PEG)2 analog 
approached these amino acids. These results further support 
the notion that compared to BS3/DSS, BS(PEG)2 has a greater 
tendency to approach the protein surface, facilitating the capture 
of dynamic changes in protein conformation. 

Taken together, the lower energy barriers enable BS(PEG)2 to 
switch more easily between different conformational states and 
to form relatively closed state, both in its free form and when 
one end is connected to the protein. Additionally, the stronger 

polarity facilitates BS(PEG)2 to move closer to the protein surface. 
These factors collectively enable BS(PEG)2 to effectively capture a 
greater amount of cross-linking information, particularly within 
the structural domains responsive to protein dynamics. 

Advantages of PEG cross-linker in studying 
protein dynamics in vivo 
In addition to in vitro and in silico experiments, we conducted 
in vivo XL-MS analysis to compare the effectiveness of different 
backbone cross-linkers (Figure 5A). Due to the inability of BS3 

to penetrate the cell membrane, we utilized DSS and BS(PEG)2, 
both of which are membrane-permeable, for in vivo XL-MS exper-
iments. These two cross-linkers were individually employed to 
examine the structure and dynamics of PTEN within cells. PTEN 
comprises two domains: the phosphatase domain and the C2 
domain. The crystal structure of PTEN shows that these two 
domains are in close proximity to each other, forming an inter-
action interface. 

Consistent with the in vitro experimental results, BS(PEG)2 

demonstrated a higher efficiency in capturing cross-linked sites

https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbae026#supplementary-data
http://bib.oxfordjournals.org/
http://bib.oxfordjournals.org/
http://bib.oxfordjournals.org/
http://bib.oxfordjournals.org/
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbae026#supplementary-data
http://bib.oxfordjournals.org/
http://bib.oxfordjournals.org/
http://bib.oxfordjournals.org/
http://bib.oxfordjournals.org/


Enhancing protein dynamics analysis | 7

Figure 5. Structure and dynamics of PTEN protein in cells analyzed by two cross-linkers in vivo. (A) Schematic diagram of the flow of in vivo XL-MS 
experiments. (B, C) Crystal structure of PTEN with different domains depicted in distinct colors. Intra- and inter-domain cross-link pairs captured by 
DSS and BS(PEG)2 were highlighted using straight lines. (D) Alternative structure of PTEN refined with in vivo cross-linking information. The C2 domain 
(blue) was fixed during structure refinement, the phosphatase domain can move as a rigid body and the flexible linker (red) between two domains has 
complete freedom. The positions of the phosphatase domain in crystal structure and alternative structure calculated with XL-MS data were indicated, 
respectively. 

compared to DSS, regardless of whether only target proteins 
were used or a human database was incorporated for cross-
link retrieval with high spectra quality ( Table S2, Supplementary 
File—Instances of MS Spectra available online at http://bib. 
oxfordjournals.org/ ). Specifically, in the case of PTEN-targeted 
database searching, 16 cross-linked pairs were identified using 
DSS, which included 2 inter-domain cross-links. On the other 
hand, BS(PEG)2 identified 17 cross-linked pairs, with 4 inter-
domain cross-links ( Figure 5B and C). To gain a more precise 
understanding of various conformational states of PTEN in vivo, 
we employed a higher concentration of 2 mM for BS(PEG)2. It  
is important to note that the maximum concentration of DSS 
is typically limited to 0.25 mM due to its hydrophobicity. In 
contrast, BS(PEG)2 allows for significantly higher experimental 
concentrations, leading to a greater coverage of cross-links. At 
this increased concentration, a total of 35 cross-linked pairs were 
identified, including 8 pairs of inter-domain cross-linked sites. 
Upon comparing the crystal structures of PTEN, we discovered 
that there are four pairs of inter-domain cross-linked sites where 
the distances in the crystal structure exceed the maximum arm 
length of the cross-linker. This observation suggests that PTEN 
may adopt additional alternative conformations in the cellular 
environment. 

The two domains of PTEN are connected by a flexible 
linker region consisting of nine amino acids (Figure 5D). This 
means that the relative positions of the two domains can 
undergo dynamic changes. Using the cross-linking information 
as distance restraints, we performed structural refinement to 
obtain the conformational states of PTEN in vivo. During this 
refinement process, the C2 domain and phosphatase domain 
were treated as rigid bodies, respectively. The results revealed 
a structural ensemble consisting of two conformations that 
satisfy all the cross-linking restraints. One conformation is 
similar to the crystal structure, while the other one showed 
the phosphatase domain moving to the opposite side of the C2 
domain (Figure 5D). Given that the C2 domain is responsible for 
binding to other proteins or lipids, once anchored in place, the 
dynamic nature of the phosphatase domain allows it to exert 
its dephosphorylation function in different directions. Hence, 
the multiple conformations of the PTEN protein confer it with 
versatile and flexible functionalities. 

Overall, due to its ability to achieve higher cross-linking con-
centrations, BS(PEG)2 can effectively capture useful information 
that reflects conformational dynamics of proteins within cells. 
Utilizing inter-domain cross-linking data, we characterized addi-
tional conformations of the PTEN protein in vivo, distinct from

https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbae026#supplementary-data
http://bib.oxfordjournals.org/
http://bib.oxfordjournals.org/
http://bib.oxfordjournals.org/
http://bib.oxfordjournals.org/
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the crystal structure observed outside the cellular environment. 
The dynamic structural analysis of intracellular proteins through 
in vivo XL-MS can also contribute to further research on protein 
functionality. 

DISCUSSION 
In this study, we systematically compared BS3/DSS and BS(PEG)2 

cross-linkers to assess their effects on protein structure and 
dynamics. BS3 and DSS share similar backbones and reactivity, but 
the sulfonic acid group of BS3 improves solubility, enabling higher 
reaction concentrations. For in vitro experiments, BS3 was used for 
its solubility, ensuring a fair comparison with PEG-based cross-
linkers. For MD simulations and charge calculations, DSS was 
selected for consistent reactive groups. We discovered that the 
BS(PEG)2 cross-linker, with its C-O backbone, exhibited stronger 
charge polarity compared to the alkyl backbone of BS3/DSS. This 
difference allowed BS(PEG)2 to adopt various conformations when 
interacting with protein surfaces containing charged residues, 
resulting in a greater capacity to capture cross-linked sites, espe-
cially inter-domain cross-linking information reflecting protein 
dynamics. Moreover, BS(PEG)2 exhibited superior amphipathic 
properties, enabling it to penetrate cell membranes at higher 
concentrations and capture a more comprehensive set of protein 
structural information within cellular environments. It should 
be noted that the temperature is also a key factor regulating the 
protein dynamic as well as the backbone flexibility of the cross-
linker. Moreover, due to the varying system scale, the temperature 
fluctuation may affect the dynamic properties of proteins and 
cross-linkers differently. To objectively compare the cross-linking 
data of different cross-linkers, all cross-linking experiments and 
various MD simulations were conducted at room temperature 
(25◦C) to minimize the impact of temperature on the results. 

In addition, cross-linkers with a PEG backbone offer scalability, 
meaning they can be lengthened while maintaining solubility. 
This raises the question of whether longer cross-linkers cap-
ture more useful cross-linking information. To investigate this, 
we employed longer cross-linkers with more PEG units, namely, 
BS(PEG)5 and BS(PEG)9 (Figure S8A available online at http:// 
bib.oxfordjournals.org/ ). The MD simulations showed that even 
though the theoretical maximum arm length of BS(PEG)5 is nearly 
twice as long as that of BS(PEG)2, the actual simulations only 
stretched it up to 20.7 Å (distance between Oα and Oα′ ), while 
BS(PEG)2 reached 12.7 Å. Similarly, the maximum distance during 
MD simulation for BS(PEG)9 was only 27.9 Å, much smaller than 
the theoretical maximum arm length of 38.4 Å ( Figure S8B avail-
able online at http://bib.oxfordjournals.org/ ). XL-MS experiments 
using these longer cross-linkers indicated that the number of 
cross-linking sites captured by BS(PEG)5 and BS(PEG)9 are similar 
to that of BS(PEG)2. For the MBP protein, the number of cross-
linking sites captured by BS(PEG)9 is even slightly less than that 
of BS(PEG)5 ( Table S3 available online at http://bib.oxfordjournals. 
org/ ). This suggests that the actual length distribution of the cross-
linker does not increase proportionally with the lengthening of the 
PEG backbone unit. 

Furthermore, it is important to note that a longer cross-linker 
is not always advantageous when studying protein dynamics. On 
one hand, longer cross-linkers imply longer distance restraints in 
structural calculations, which in turn reduce the overall precision 
of the structure. On the other hand, the so-called ‘over-length 
cross-links’, where the distance between cross-linked sites in the 
known structure exceeds the maximum arm length of the cross-
linker, often indicate the presence of multiple conformations 

during protein dynamics. Such over-length cross-linked pairs hint 
at more compact conformational states. If the cross-linker arm 
lengths are excessively long, they may not provide similar struc-
tural information. Therefore, selecting an appropriate cross-linker 
length based on the protein size is crucial for accurately assessing 
dynamic alterations. 

In conclusion, our comprehensive approach, integrating 
in silico, in vitro and in vivo XL-MS experiments, conclusively 
shows that BS(PEG)2, a PEG-based cross-linker, outperforms 
BS3/DSS in studying protein structure and dynamics. PEG-
based cross-linkers offer superior capture capabilities, enhanced 
solubility and adjustable linker lengths tailored to research 
needs. Our findings offer valuable insights for future cross-
linker design and optimization. First, for more comprehensive 
cross-linking, a cross-linker’s backbone should primarily consist 
of polar groups like PEG and may benefit from incorporat-
ing mildly charged entities such as hydroxyl or thioether 
ester groups. Second, customizing the cross-linker’s backbone 
length to match the size of the system and the dynamic 
range of motion is crucial for accurately capturing protein 
dynamics. 

Key Points 
• A comprehensive comparative analysis of two cross-

linkers with different backbone properties, the 
hydrophilic BS(PEG)2 and hydrophobic DSS/BS3, carried 
out through a combination of in vitro, in silico and in vivo 
experiments. 

• Clear evidence from both in vitro and in vivo cross-linking 
experiments strongly advocates for the superior capa-
bility of BS(PEG)2 in capturing the intricate dynamics of 
multi-domain proteins. 

• Profound insights derived from all-atom molecular 
dynamic simulations and quantum chemical calcula-
tion offer a deeper understanding of BS(PEG)2, high-
lighting its intrinsic characteristics, notably heightened 
hydrophilicity and increased polarity, facilitating its 
close proximity to the protein surface. 
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