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Abstract

The electrostatic effects of protein crowding have not been systematically

explored. Rather, protein crowding is generally studied with co-solvents or

crowders that are electrostatically neutral, with no methods to measure how

the net charge (Z) of a crowder affects protein function. For example, can the

activity of an enzyme be affected electrostatically by the net charge of its neigh-

bor in crowded milieu? This paper reports a method for crowding proteins of

different net charge to an enzyme via semi-random chemical crosslinking. As

a proof of concept, RNase A was crowded (at distances ≤ the Debye length) via

crosslinking to different heme proteins with Z = +8.50 ± 0.04, Z = +6.39

± 0.12, or Z = �10.30 ± 1.32. Crosslinking did not disrupt the structure of pro-

teins, according to amide H/D exchange, and did not inhibit RNase A activity.

For RNase A, we found that the electrostatic environment of each crowded

neighbor had significant effects on rates of RNA hydrolysis. Crowding with

cationic cytochrome c led to increases in activity, while crowding with anionic

“supercharged” cytochrome c or myoglobin diminished activity. Surprisingly,

electrostatic crowding effects were amplified at high ionic strength

(I = 0.201 M) and attenuated at low ionic strength (I = 0.011 M). This salt

dependence might be caused by a unique set of electric double layers at the

dimer interspace (maximum distance of 8 Å, which cannot accommodate four

layers). This new method of crowding via crosslinking can be used to search

for electrostatic effects in protein crowding.
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1 | INTRODUCTION

Electrostatic interactions help drive the binding and
polarization of substrates during enzyme catalysis.1–5

With some enzymes, the internal electric field at or near
the active site appears to lower ΔG by polarizing the

substrates.6,7 These effects can be large and occur over
long distances: the internal electric field at the active site
of ketosteroid isomerase lowers the free energy barrier of
the rate determining step by up to 7 kcal/mol.8

Studies of these electrostatic effects in enzyme cataly-
sis are typically probed by intramolecular changes in
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charge or hydrophobicity, via site directed mutagenesis
or by changing ionic strength of solvent.8–10 Less is
known regarding intermolecular electrostatic forces in a
crowded environment. That is, how do the electric fields
(or net charge) of neighboring proteins impact enzymatic
activity? Such intermolecular electrostatic effects of pro-
tein crowding, if substantial, would not only be relevant
to understanding protein localization and cellular func-
tion, but also cellular death.11–13 During apoptosis,
crowding increases 10-fold and the concentration of
intracellular ions (that screen long range electrostatic
interactions) decreases threefold.11,14,15

Studies of protein crowding have focused on measur-
ing how electrostatically neutral crowders affect enzy-
matic activity, protein structure, and protein
stability.16–20 These studies show that crowding can have
diverse effects on enzyme activity (increasing or decreas-
ing activity, or a null effect).21–27 These studies do not
address long range intermolecular electrostatic effects by
crowders. We cannot find any studies that measured how
the net charge (Z) of a protein “neighbor” affects the
activity of an enzyme in a crowded environment. Consid-
ering the importance of electrostatic effects in catalysis,
and the long range over which coulombic interactions
occur (�10 Å through buffer at I = 0.1 M, but further in
the ion-free hydrophobic interior of crowded proteins), it
seems long past time to find simple ways to begin to
investigate how the activity of an enzyme might be
affected by the net charge of its nearest neighbor.

In this proof of concept paper, we describe a new gen-
eral method to study how the net charge of a protein
affects the activity of an enzyme during crowding. The
model enzyme that we use to test this method, RNase A,
is known to have kinetic salt effects, with kcat/Km

decreasing 100-fold as salt concentration is increased
20-fold.28,29 Salt effects for RNase A are buffer-specific, as
some buffers contain a charged impurity that inhibits
RNase A more strongly at low than high salt.30 Although
these salt effects remain poorly understood,30–33 this
effect suggests that long range electrostatic forces might
be important in the binding and/or catalytic hydrolysis of
RNA by RNase A.

The RNase A enzyme possesses two catalytically
important histidine residues (H12 and H119) with pKa's
of �5.8 and 6.3, respectively (Scheme 1).34–36 Previous
studies by Raines et al. have described how electrostatic
control of His119 by Asp121 enables RNase A to proton-
ate the 30 ribose group of RNA during the transphosphor-
ylation step.34–36 Here, the pKa of H12 and H119 are
depressed by nearby lysine residues.37 These Lys-His cou-
lombic interactions are screened by salt.37 We hypothe-
size that the activity of RNase A might be perturbed by
the electric field of a crowded protein via “charge regula-
tion”29,38–41 of these two histidine residues, inter alia. In
addition, RNase A has discrete sites that help electrostati-
cally align RNA to facilitate selective hydrolysis at pyrim-
idine nucleotides.41,42 One subsite, B1, is composed of
Thr45, Asp83, Phe120, and Ser123 which utilize
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SCHEME 1 Mechanism of RNA hydrolysis by RNase A.
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hydrogen bonding and van der Waals forces to selectively
bind only pyrimidine bases.42–44 There are, of course,
additional mechanisms by which such crowding can
affect activity that are electrostatic in nature.45,46

This current study expands upon a recently reported
method of semi-random chemical crosslinking to mimic
the crowding of proteins by other proteins.47 Although
crosslinking is widely used to trap specific protein–
protein interactions,48–51 we found that commercial
crosslinkers can link noninteracting proteins (of various
net charge) in a quasi-random fashion.47 This semi-
random crosslinking method allows us to eliminate possi-
ble site-specific electrostatic effects that might arise from
a genetically engineered fusion protein.47 Once proteins
are crosslinked (into heterodimers) enzymatic activity
assays can be performed to test for kinetic neighbor
effects. In this study, RNase A was crowded with cyto-
chrome c (Cyt c), myoglobin (Mb), and supercharged
(anionic) Cyt c (denoted S-Cyt c). These heme proteins
were chosen as ideal crowders because their visible chro-
mophore permits accurate quantitation of the RNase–Cyt
c complex and the RNase–Mb complex, which is neces-
sary for quantitation of KM, kcat, and Vmax.

2 | RESULTS AND DISCUSSION

As a proof of concept, RNase A was linked to either posi-
tively charged Cyt c, positively charged Mb, or negatively
charged (“supercharged”) Cyt c at a maximum linker dis-
tance of 7.9 Å. S-Cyt c was prepared by polycarboxylating
wild-type Cyt c via succinic anhydride.52 The

heterobifunctional Staudinger linkers that we use
(Scheme 2) allow us to generate only heteromeric species.
These linkers are not necessarily selective to a particular
lysine residue but create a polydisperse set of linkages.53

There are two reasons that we acylated/
percarboxylated Cyt c (to generate “S-Cyt c”) to model
the effects of negatively charged proteins, as opposed to
linking an entirely different protein that is as negatively
charged as S-Cyt c. First, the simplest way to alter the
surface charge of a protein, without altering its sequence
or shape (and only minimally altering its structure) is to
acylate surface lysine residues.10,52,54 Although lysine
acylation can lower the thermostability of a protein
(in most, but not all cases),55 the resulting proteins can
have similar structures according to circular dichroism,
amide H/D exchange, and X-ray crystallography.54 Sec-
ond, we cannot find any commercially available heme
protein—let alone any naturally occurring heme
protein—that has a high net negative charge at pH 5.0,
that is, Z ≥ j�10j.

Crosslinking resulted in formation of heterodimers
and trimers, in addition to low-abundance higher order
oligomers (Figure 1). We were initially interested in mea-
suring the RNase A activity of trimers and higher order
oligomers, but we bypassed their analysis for two reasons.
First, the protein stoichiometry of any trimeric or higher
order species would be unverifiable. For example, a tri-
meric species eluting at 40 kDa in the size exclusion col-
umn (or migrating at 40 kDa on sodium dodecyl sulfate–
polyacrylamide gel electrophoresis [SDS-PAGE]) could
be comprised of: (a) a trimer of RNase A linked to two
Cyt c (38.4 kDa) or (b) one Cyt c that is linked to two
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RNase A (39.7 kDa). While this latter trimer should be
minimized by limiting amounts of phosphine linker on
each Cyt c, any small amount would skew RNase A con-
centrations. Second, the low crosslinking yield results in
trace amounts of higher order oligomers.

To determine the actual net charge (denoted ZCE) of
each protein before crosslinking, protein “charge lad-
ders”52,56 were synthesized and separated by capillary
electrophoresis (CE) (Figure 2). These ladders are only

used for determining the charge of the protein before
crosslinking and are not subsequently used in crosslink-
ing. Briefly, lysine-ε-NH3

+ groups in RNase A, Mb, and
Cyt c were acetylated with acetic anhydride. This acetyla-
tion causes a change in charge of approximately 0.9 units
per modification. The net charge of each protein is deter-
mined by extrapolating the x-intercept of the plot of
mobility of each “rung” versus the number of acetylated
lysines (N). The x-intercept equals the quotient of the net
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(λmax = 408 nm for Cyt c and S-Cyt c heme and 410 nm for Mb heme)
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FIGURE 2 Legend on next page.
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charge of the unmodified protein, ZCE (the zeroth rung of
the charge ladder) and the change in charge of acetyla-
tion (ΔZAc). The net charge for RNase A, Cyt c, Mb, and
S-Cyt c were determined at pH 5.0 (Figure 2).

With these values, the question immediately arises:
How does RNase A (Figure 2a, ZCE = +5.94 ± 0.02)
adjust its electrostatic environment when linked to a pro-
tein neighbor such as Cyt c (Figure 2b, ZCE = +8.50
± 0.04), Mb (Figure 2c, ZCE = +6.39 ± 0.12), or S-Cyt c
(Figures 2d and S1, ZCEWAVG = �10.30 ± 1.32)? This
issue—the magnitude by which two proteins affect each
other's net charge in a crowded environment—is poorly
understood.57–59 The question has been examined with
Monte Carlo simulations60 and protein charge ladders.47

Lund and Jonsson simulated how the net charge of cal-
bindin and lysozyme change as they approach each other
at a distance of �25 Å (mass center to mass center) and
ionic strength of I = 0.006 M (pH 4.0). Lysozyme was pre-
dicted to regulate its charge from +9.3 to +9.5 and cal-
bindin from +1.5 to �0.5.57,61 These changes in charge
are attributed to the shift in pKa's of ionizable residues in
each protein in response to the new electrostatic environ-
ment created by the neighboring protein.

Using protein “charge ladders” and chemical cross-
linking, we recently found that this type of charge regula-
tion was small for a particular pair of proteins (Mb and
α-lactalbumin) at I = 0.025 M.47 However, larger effects
might be observed at lower ionic strength (e.g., at
I < 0.01 M), which might be physiologically relevant in
membrane interiors or during liquid–liquid phase separa-
tion.62,63 Nevertheless, how any of these changes in pKa's
of ionizable residues—large or small—might impact
enzymatic activity in vitro has not been measured or
investigated (to our knowledge).

Analysis of monomers and heterodimers with CE and
protein “charge ladders” could, in theory, determine how
the net charge of proteins change upon crowding/link-
ing.47 We analyzed a protein charge ladder of the hetero-
dimer (RNaseAz–Cyt cPhos) with CE (Figure S1).
Unfortunately, the dimeric ladder is poorly resolved
(Figure S1). However, interpolation of these poorly
resolved peaks yielded a ZCE = +12.58 ± 0.35 for the het-
erodimer (Figure S1). This net charge is nearly identical
to Zformal = +13.09 ± 0.04, that is, the sum of the net
charges of RNase A (Figure 2a, ZCE = +5.94 ± 0.02) and

Cyt c monomers (Figure 2b, ZCE = +8.50 ± 0.04), when
correcting for Staudinger crosslinking at two lysine (pre-
viously measured to be ΔZ = �1.34).47

Mass spectrometry (MS) was used to assess the extent
of modification of lysine in each protein with its bifunc-
tional linker before mixing and crosslinking (Figure S2;
Az = 83 Da, PPh3 = 346 Da). Our goal was to only attach
between 1 and 3 linkers to each protein. Note that there
was at most three to four additional acyl-azide modifica-
tions (WAVG = 3.22) present on the heterodimers,
according to MS (Figure 1a). Modified proteins were then
mixed at 4�C (for at least 24 hr) to form the heteromeric
Staudinger linkages between RNase A and either Cyt c,
Mb, or S-Cyt c. After isolation of heterodimers with size
exclusion chromatography (SEC), the purity was assessed
with MS and SDS-PAGE (Figure 1a,b). UV-vis spectros-
copy confirmed that the heme was still present in all
linked proteins (Figure 1c).

Liquid chromatography (LC)-MS/MS of tryptic digests
of Az and PPh3 modified (but unlinked) proteins sug-
gested that each linker attached nonselectively to differ-
ent lysines in RNase A (Figures 3, 4, and S3), Mb
(Figures 3 and S4), and Cyt c (Figures 4 and S5). We did
not detect any modified histidine residues, as expected.
Both Az and PPh3 linking reagents modified at least
�60% of lysine residues (for RNase AAz: K31, K41, K61,
K91, K98, and K104; Cyt cPhos: K8, K9, K14, K23, K26,
K28, K40, K87, K88, K89, and K100; MbPhos: K42, K45,
K47, K50, K62, K63, K79, K87, K96, K98, and K102). It is
likely that Az and PPh3 reagents modified additional
lysines that were not detected in MS/MS.

The results of nonselective acylation are supported by
previous studies showing that small molecule acylating
agents (e.g., anhydrides, N-hydroxysuccinimide [NHS]-
esters, and aryl esters) acylate lysine in proteins semi-ran-
domly.47,64–66 Even partially buried lysine residues are
reactive with small organic molecules, because these
lysines can associate with amphiphilic/hydrophobic mole-
cules (in some cases, more so than solvent accessible lysine
residues).67 The heterodimers produced are likely to be a
polydisperse mixture of multiple geometric dimers
between RNase A and Mb, Cyt c, or S-Cyt c. We expect
that after acylation of 9–15 lysine residues, the attachment
of the linker to S-Cyt c would still produce a polydisperse
mixture following attachment of phosphine linker.

FIGURE 2 Using lysine-acyl “protein charge ladders” to determine the net charge of all proteins used in this study, in their native,

solvated state. Replicate electropherograms (left) and mass spectra (right) of (a) RNase A, (b) Cyt c, and (c) Mb modified with acetic

anhydride (AA). The x-intercept equals the net charge (Z) of the unmodified protein divided by the change in charge associated with lysine

acetylation (ΔZAc). (d) Cytochrome c was supercharged by acylation with succinic anhydride, to yield “supercharged” Cyt c (denoted S-Cyt

c). This plot determines the change in charge of each succinylation (ΔZSA), at pH 5.0, not the net charge of the protein (which is determined

by multiplying ΔZSA by n). In a–d, error bars represent the SD of five replicates
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Amide hydrogen/deuterium exchange (H/D
exchange)—MS confirmed that the hydrophobic cores of
RNase A, Cyt c, and Mb were not affected by acylation
with linkers, subsequent crosslinking, or acylation with
succinic anhydride in the case of S-Cyt c (Figure 5a,
Table S1). Note that the acylation of Cyt c with succinic
anhydride (to form S-Cyt c) decreased the rate of amide
H/D exchange in 90% D2O, that is, increased the number
of unexchanged hydrogens after 60 min (with a back
exchange rate of 43%). This decreased rate of exchange
might suggest that acylation tightens the structure of Cyt
c to be more solvent inaccessible, but this interpretation
is likely inaccurate. Rather, this inverse effect of lysine
acylation on the rate of H/D exchange is likely an electro-
static artifact. This kinetic effect is thought to be due to
the stabilization of the anionic amide intermediate that
forms during base-catalyzed amide H/D exchange, by the
amino group of lysine.31,68 Neutralization of the amino
group in lysine, via acylation, abolishes this stabilization
and slows the rate of H/D exchange. This effect has been

reported for several proteins (including carbonic anhy-
drase II, superoxide dismutase, Mb, and α-lactalbumin)
modified with several types of neutral and anionic acyl
groups.31,47,65,68,69 These reports show that acylation of
lysine decreases the rate of amide H/D exchange, while
also lowering the thermostability of the protein.

We also point out that the total number of unex-
changed hydrogens from each dimer (RNase AAz–MbPhos:
64.2 ± 11.7 hydrogens; RNase AAz–Cyt cPhos: 50.2 ± 11.0
hydrogens) is within error of the sum of monomers
(RNase AAz(1) + MbPhos(1): 69.7 ± 5.3 hydrogens; RNase
AAz(1) + Cyt cPhos(1): 37.1 ± 5.1 hydrogens). This suggests
that the linking of any of the three proteins to RNase A
did not perturb any of their hydrophobic cores. Isotopic
exchange was measured in 90% D2O at pH 7.5, 22�C.
Mass spectra were obtained at three separate conditions:
(a) 100% H2O, 22�C, (b) after 60 min in 90% D2O, 22�C,
and (c) thermally denatured in 90% D2O, 90�C. The spec-
trum for each was deconvoluted using three different
charge states of monomer or dimer (Figure 5b and
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Table S1). The number of unexchanged hydrogens after
60 min for unmodified Cyt cPhos (14.0 ± 4.44 hydrogens),
MbPhos (45.9 ± 3.55 hydrogens) is comparable to previous
results.31,70

Considering the electrostatic artifacts of using amide
H/D exchange to assess structural differences in Cyt c
and S-Cyt c, we also analyzed S-Cyt c with differential
scanning calorimetry (DSC). The melting temperature
(Tm) of Cyt c decreased from 83.51 ± 0.18�C to 50.41
± 0.07�C upon acylation of �17 lysines with succinic
anhydride (Figure S6). The measured Tm of unmodified
Cyt c is comparable to previous results71 (and the dimin-
ished thermostability upon acylation is similar in magni-
tude to decreases observed for other thermostable
proteins).31,47,65,68,69 Examination of the thermogram of
S-Cyt c and Cyt c suggests that acylation of as many as
�17 lysine did not increase the amount of unfolded pro-
tein at the temperature of the enzyme assays (22�C).

The results of DSC and H/D exchange suggest that
although the S-Cyt c protein is less thermostable than
Cyt c, the hydrophobic core of S-Cyt c is not disrupted by
acylation of up to �17 lysine with succinic anhydride.
We also point out that this seemingly contradictory effect
of lysine acylation on the structure of Cyt c—i.-
e., acylation lowers thermostability but slows amide H/D
exchange—has been previously reported for other metal-
loproteins.31,65,68 For example, the acetylation of all

18 lysine in carbonic anhydrase II lowers the Tm of the
enzyme from �70 to 50�C, and increases the number of
unexchanged hydrogens by �18.68 The peracetylated and
unacetylated forms of this protein both crystallize with
superimposable backbones.54

Enzyme assays of modified monomeric and cross-
linked RNase A were conducted in a 96 well-plate. Here,
24 technical replicates of each substrate concentration
were run to generate statistically meaningful data. Assays
were run as previously described using total RNA from
Saccharomyces cerevisiae. This assay follows the decrease
in absorbance of RNA (at 300 nm) upon hydrolysis. RNA
has a λmax of 260 nm but is most linear at 300 nm.72

The concentration of RNase A and its heterodimers
with Mb and Cyt c were determined using molar extinc-
tion coefficients of each protein (RNase A ε280:
9,800 M/cm73; Cyt c ε408: 101,600 M/cm74; and Mb ε410:
188,000 M/cm).75 Since linked proteins had a visible
chromophore, we were also able to quantify the added
absorbance of the phosphine linker at 280 nm. The molar
extinction coefficient of acyl-phosphine at 280 nm was
found to be 3,990 M/cm (Figure S7). Bicinchoninic acid
protein assays were used to further verify the concentra-
tion of the final dilution of each stock protein used in
enzymatic assays (Table S2). Protein concentrations
determined by both methods differed on average by 9.9%
(Table S2).
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The kcat and KM of each RNase A enzyme
(i.e., unlinked RNaseAz, RNase A linked to Cyt c or Mb,
or S-Cyt c) was quantified at two pH values and buffers: a
pH of 5.01, using 1 mM sodium acetate (NaAc) and a pH
of 6.02 using 1 mM 2-(N-morpholino)ethanesulfonic acid
(MES). Two different salt concentrations were used at
each pH: 10 mM NaCl (I = 0.011) and 200 mM NaCl
(I = 0.201). In this paper, we largely focus on experi-
ments performed in acetate buffer, pH 5.01. The MES
buffer has been shown to contain a anionic contaminant
that inhibits activity (oligo[vinylsulfonic acid]).30,76 We
nevertheless performed experiments in this buffer as
much of the seminal work on RNase A is carried out in
MES.77–84 The general magnitude of rates of RNA hydro-
lysis by RNase A are comparable to previous measure-
ments of the free enzyme.85,86

Regarding the enzymatic activity of modified RNase
A (either linked or unlinked), note that the acylation of
Lys41 by the azide linker was detected in RNase A
(Figures 3 and 4). Thus, a subpopulation of either type of
RNase A (i.e., modified heterodimer or modified mono-
mer) bear modification of Lys41. Previous studies show
that Lys41 is necessary for catalysis (the K41R

substitution abolishes activity).29,87 Lysine-41 is thought
to stabilize the transition state during transphosphoryla-
tion.29,87,88 Modification of Lys41—which exists in a frac-
tion of the randomly acylated mixture—might inhibit
catalysis in the subpopulation bearing that modification.
However, these inhibitory effects can be accounted for by
simply comparing rates of catalysis by acylated/unlinked
RNase A (denoted RNaseAz) to acylated/crosslinked
RNase A.

Proof that acylation does diminish overall activity can
be found by comparing the activity of acylated and
unacylated RNase A, unlinked to any protein (Figure S8).
Here the acylated unlinked RNase A (denoted “RNaseAz”
in Figure S8) had lower turnover rates (25–50% lower)
than unacylated, unlinked RNase A (denoted “RNase A"
in Figure S8). The largest inhibitory effect of acylation
was observed at pH 6.02, 200 mM NaCl, 1 mM MES.
Therefore, the appropriate comparison groups between
linked and unlinked RNase A are: (a) acylated, unlinked
RNase A (denoted “RNaseAz” in Figures 6 and S9), and
(b) acylated, crosslinked RNase A.

Michaelis–Menten plots show the activity of crowded
and uncrowded RNase A at pH 5.01 with salt
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concentrations of 10 mM NaCl (Figure 6a,b) or 200 mM
NaCl (Figure 6c,d). Similar plots for RNase A in MES
buffer, pH 6.02 (10–200 mM NaCl) can be found in
Figure S9. Values of Vmax and KM were derived using ini-
tial rates determined as previously described.89,90 Mass
extinction coefficients for each assay condition at 300 nm
were generated from serial dilutions of RNA (Table S3
and Figure S10). Because the RNA substrate that we used
is a polydisperse mixture of oligonucleotides, we do not
express KM or Vmax in terms of moles per liter but milli-
grams per milliliter as previously described.85,86

We placed particular focus on comparing kinetic dif-
ferences of crowding by positively charged Cyt c and neg-
atively charged S-Cyt c. These two Cyt c proteins only
differ in surface charge by �18.8 units (Figure 2b,d). This
set of proteins, having similar shape and structure but
different surface charge, is particularly useful because the
heme chromophore (on which we derive RNase A con-
centrations) is covalently linked to the Cyt c protein
(in Mb, the heme is bound noncovalently).

Compared to the uncrowded, unlinked RNaseAz con-
trol, crosslinking caused modest (but in some cases statis-
tically significant) decreases in KM at low ionic strength
(I = 0.011 M), pH 5.01 (Figure 6a,b). In general, the pres-
ence of high salt increased the KM of all RNase A proteins
at pH 5.01, which is rationalized by weaker RNA binding
at high salt.9 The greatest observed decrease in KM of
RNaseAz was for S-Cyt c, pH 5.01, 10 mM NaCl
(Figure 6b). Here, crowding with negatively charged Cyt
c resulted in a twofold decrease in KM relative to
unlinked RNaseAz and a fourfold decrease in KM relative
to RNase A linked to positively charged Cyt c (Figure 6b).
The effects on KM at pH 6.02 were smaller and less statis-
tically significant at both ionic strengths (Figure S9). This
null effect might be caused (at least partially) by the
anionic contaminant in MES buffer that inhibits RNase
A activity.30,76

With regards to kcat, we find that crowding RNase A
with anionic S-Cyt c, cationic Cyt c, or Mb, did not
greatly affect the kcat of RNase A at pH 5.01
(I = 0.011 M), compared to the RNaseAz control
(Figure 6a,b). This result suggests that the electric field
emanating from the surface of these proteins is not affect-
ing the pKa of the two catalytically important histidine
residues (His12 and His119) in RNase A (or otherwise
altering the energy of charged transition states).

In contrast, crowding with cationic Cyt c at higher
ionic strength, pH 5.01, I = 0.201 M caused a 20%
increase in kcat (p < 0.01) (Figure 6b–d). Under similar
conditions, crowding with S-Cyt c and Mb decreased kcat
by 10–20%. Similar decreases in kcat (up to 40%) were
observed in MES buffer at pH 6.02, I = 0.201 M

(Figure S9c,d). These results are counterintuitive, as long-
range electrostatic effects are expected to be more pro-
nounced at low ionic strength.

2.1 | Possible mechanisms by which
crowding alters activity in high salt

The observation of greater effects of crowding on kcat at
higher salt suggest that specific ion-protein and ion-pro-
tein-substrate Coulombic interactions are at work,30 and
not classical Coulombic interactions between the surfaces
of the two proteins that alter the free energy of charged
transition states or substrate binding (both of which
would be screened at high ionic strength). In the case of
RNaseAz–Cyt cPhos at pH 5.01 (I = 0.201 M) the mecha-
nism by which crowding increases kcat and raises KM

must somehow involve Na+ and or Cl�.
The historically poor understanding and complex

nature of salt effects on RNase A activity (and proteins in
general)9,30–33 do not lend us a single, obvious explana-
tion involving specific protein-ion effects. However, a
consideration of the known effects of ionic strength, and
RNase A's surface charge on the structure and function
of RNase A can help us speculate on possible
mechanisms.

Mechanisms invoking protein stability are likely neg-
ligible: millimolar concentrations of NaCl do not destabi-
lize the RNase A protein. The melting temperature (Tm)
of RNase A is raised by 4�C as NaCl is raised from 0 to
1 M.9,91 However, NaCl can lower the activity of RNase A
under some conditions.30 This inhibitory effect might be
caused by a combination of weakened binding of RNA to
RNase A and salt-induced raising of pKa of catalytically
important His12 and His119, which interact with each
other and other charged residues. Previous titrations with
nuclear magnetic resonance show that increasing NaCl
from 0.018 to 0.142 M increases the pKa of active site
His12 and His119 by �0.5 unit (from their microscopic
values of 5.3/5.7 and 5.5/5.9).37 This salt-induced proton-
ation is thought to occur by the screening of Coulombic
interactions between H12, H119 and Lys7, Arg10, and
Lys66. These latter residues depress the pKa of H12 and
H119 in low salt, which helps drive catalysis.37

It is possible that cationic Cyt c is coulombically
depressing the pKa of these residues (which are scattered
across the surface of RNase A and will be collectively
near different crosslink sites). Likewise, negatively
charged S-Cyt c would raise the pKa's and possibly lower
activity (which we observe at pH 5.01). Perplexingly,
however, these types of Coulombic interactions—if they
exist—should be stronger in low salt, not high salt.
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2.2 | The electrical double layer in the
heterodimer interspace: Two, three, or four
layers?

It is important to remember, however, that the surface
charge of Cyt c or S-Cyt c is not necessarily encountered,
per se, by the RNase A enzyme. Rather each member of
the heterodimer likely possesses an electrical double
layer of solvated ions (Scheme 3), where the charge of the
first inner layer should be opposite in sign but equal in
magnitude to the surface potential of the protein, and the
outer layer is similar in sign to the surface potential.92

Each solvated layer is thought to span approximately
3.4 Å.92 When a protein binds to or aggregates with
another molecule, desolvation of these layers occurs at
the binding interface. However, the crowded system pre-
sented in the current study—two proteins linked with a
semi-rigid 7.9 Å linker—poses a unique problem. The
linker only allows for two or three layers, that is, not all
four layers, to exist at surfaces proximal to the linker and
dimer interspace (Scheme 3). If there is an odd number
of layers, what will the charge of the third layer be?

We assume that portions of these electric double
layers (especially at the crowded interspace) alter the
pKa's of residues in RNase A. These ion-specific effects
will not necessarily be dependent on the net charge of

the crowder. Previous work has shown that the properties
of each electric double layer (e.g., charge density, ion
charge, and concentration) can differ from protein to pro-
tein, independent of the overall net charge of the pro-
tein.63,93,94 We do not know the exact structure or order
of the ion layers in the RNase A/Cyt c/Mb crowded sys-
tems and whether the second layer does or does not
reflect the net surface charge of the protein (Scheme 3).
The unique ion layers might be affecting catalysis, possi-
bly by altering the pKa's of important residues or stabiliz-
ing/destabilizing a charged or polar intermediate.

3 | CONCLUSION

This method paper demonstrated that the electrostatic
crowding of an enzyme by proteins of vastly different net
charges can be simulated by semi-random chemical
crosslinking. The concentration of the crosslinked
protein-enzyme dimer can be accurately determined by
the crosslinking/crowding of heme proteins (which
allows the accurate measurement of KM, kcat, and Vmax).

The results above suggest that the net surface charge
of a single protein can have a robust, long-range electro-
static effect on the activity of an enzyme by a salt or ion-
mediated mechanism. However, the results of this partic-
ular case—the crowding of RNase A by a single subunit
of Mb, Cyt c, and S-Cyt c—are by no means general to
enzymes or the effect of crowding.

One noted limitation of this methodology is that it
currently is capable of crowding one or two proteins
around a target protein (i.e., resulting in dimers or tri-
mers). Regarding the ideal, maximum number of proteins
that could crowd or contact a central protein at any given
time—i.e., the solution to the “kissing number problem”
of geometry—it is possible to contact a central sphere
with 12 surrounding spheres.95 The optimization of this
current crosslinking method might achieve higher
degrees of crowding, that are nearer to this theoretical
maximum.

4 | MATERIALS AND METHODS

4.1 | Crosslinking proteins via
Staudinger ligation

RNase A, Mb, and Cyt c were purchased from Sigma
Aldrich as lyophilized powders and resuspended in
10 mM phosphate buffer, 150 mM NaCl (pH 7.2) to a
final concentration of 500 μM. Supercharged Cyt c
(denoted S-Cyt c) was prepared by acylation of lysine
with succinic anhydride (SA). This modification replaces
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the positive charge on lysine with a carboxylic acid (inte-
gration of mass spectrum was used to approximate the
weighted average number of modifications).52 Chemical
crosslinking of either Mb, Cyt c, or S-Cyt c to RNase A
was carried out using NHS-phosphine (i.e., C25H20NO6P
denoted PPh3, Phos) and NHS-azide (i.e., C6H6N4O4

denoted Az) reagents at molar ratios of 1:5 or 1:3 (pro-
tein:linker). The length of the attached Phos linker is
5.4 Å and the Az linker is 2.5 Å (the maximum length of
the resulting Staudinger linker is 7.9 Å). Each sample
was then reacted at room temperature for 30 min and
washed via centrifugal filtration with 20 mM phosphate
buffer, 150 mM NaCl (pH 7.2) to remove any excess
crosslinker. The resulting proteins modified with NHS-
Az or NHS-PPh3 were then reacted for at least 24 hr at
4�C to form heterodimeric crosslinked proteins.

4.2 | Purification of crosslinked dimers
from trimers and monomers

Heterodimeric species were then purified from unreacted
monomers or trimers with SEC, using Sephadex G-75
media. The SEC column was run at room temperature
using the same linking buffer consisting of 20 mM phos-
phate, 150 mM NaCl (pH 7.2). Purified heterodimers
were verified with SDS-PAGE and MS.

4.3 | Capillary zone electrophoresis

Protein “charge ladders” and CE was used to determine
the actual net charge of the proteins as described previ-
ously.52 A Beckman P/ACE MDQ instrument fitted with
a silica capillary was used. The capillary was coated with
hexadimethrine bromide (polybrene) as previously
described.56 All electrophoresis experiments were con-
ducted at 29 kV in 100 mM sodium acetate (pH 5.0). The
capillary was maintained at 22�C via a cooling jacket
(to prevent joule heating). Between electrophoresis exper-
iments the capillary was reconditioned via washing with
0.1 M HCl (3 min), methanol (3 min), 0.1 M KOH
(3 min), 9.5% w/v polybrene (5 min), and running buffer
(5 min). Protein samples were analyzed at a concentra-
tion of 150 μm monomer or dimer. Dimethylformamide
was added to each sample as a neutral marker of
electroosmotic flow.

4.4 | Electrospray ionization MS

The extent of protein modification and crosslinking was
measured with electrospray ionization-MS (ESI-MS)

using a ThermoFisher™ Discovery Orbitrap mass spec-
trometer. Protein samples were washed with 0.2% formic
acid on a desalting column (Michrom BioResouces, Inc.,
Auburn CA, USA) to remove excess salt before eluting
with an 80:18:2 mixture of acetonitrile, water, and formic
acid. Mass spectra were deconvoluted using the MaxEnt1
module in MassLynx software.

4.5 | RNase A assays

Enzyme assays of RNA hydrolysis by RNase A were car-
ried utilizing a modified form of the Kunitz assay.72

Enzymatic assays of RNaseAz, RNase–Cyt c, RNase–Mb,
or RNase–S-Cyt c were carried out in 1 mM sodium ace-
tate with 10 mM NaCl or 200 mM NaCl (pH 5.01) as well
as 1 mM MES with 10 mM NaCl or 200 mM NaCl
(pH 6.02). All assays were carried out in 22�C. The RNA
substrate that we used for RNase A assays was purchased
from Sigma Aldrich. This lyophilized RNA is a polydis-
perse mixture of total RNA purified from yeast. Briefly,
each assay was performed on a Thermo Varioskan LUX
Multimode Plate Reader following a decrease in absor-
bance at 300 nm. Experiments were performed in techni-
cal replicates of 24. RNA concentrations varied from
either 0.2 to 2.2 or 0.2 to 4.0 mg/ml with a final RNase A
concentration of �0.1 μM (diluted from 1 μM to 0.1 μM).
Michaelis–Menten plots were fit to initial velocity
vs. substrate concentration (expressed in mg/ml as previ-
ously described) to obtain kinetic parameters; KM, Vmax,
and kcat.

4.6 | Hydrogen/deuterium exchange LC-
ESI-MS

H/D exchange was performed as previously described.47

Briefly, isotopic exchange was initiated by diluting 100 μl
of protein (20 μM protein) into 900 μl of 99.9% D2O
(Cambridge Isotope Laboratories, Inc., Tewksbury, MA,
USA). H/D exchange was conducted at 22�C. 50 μl ali-
quots of sample were removed and flash frozen at time
points from immediate mixing/dilution up to 60 min fol-
lowing incubation at 22�C. The remaining solution was
then placed on a heat block at 90�C for 5 min to produce
a perdeuterated sample to quantify back exchange. A
sample of 50 μl of this was then flash frozen and stored at
�80�C. Mass spectrometric analysis was completed utiliz-
ing a ThermoFisher™ Orbitrap Discovery or Thermo
Scientific™ Orbitrap Q Exactive™ Focus (S-Cyt c). These
samples were then diluted with 950 μl of ice-chilled 2%
formic acid. The samples were then immediately loaded
on to a desalting column (Michrom BioResouces, Inc.,
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Auburn CA, USA) and eluted with an 80:18:2% (v/v) mix-
ture of acetonitrile, water, and formic acid. This desalting
apparatus was submerged in ice during each experiment.
The mass measurements were made in approximately
3 min from time of thawing (1 min sample preparation,
2 min data collection).

4.7 | Differential scanning calorimetry

The thermostability of S-Cyt c (prepared by acylation of
lysine with SA) was measured with DSC as previously
described.66 Briefly, Cyt c and S-Cyt c were washed into
linking buffer (10 mM phosphate buffer, 150 mM NaCl
pH 7.2). Calorimetry was performed from 20 to 110�C at
a scan rate of 1�C/min, using a MicroCal VP-DSC calo-
rimeter (Malvern Instruments). Normalization of protein
concentration and baseline corrections were performed
on thermograms prior to fitting with a two-state nonbind-
ing model where melting temperature (Tm) were
obtained.

4.8 | Identification of chemical
modifications with tandem MS of tryptic
fragments

Tryptic fragments of each partially acylated protein were
generated as follows. Proteins were reduced with dithio-
threitol (DTT, 2 mM) at room temperature for 1 hr. Tryp-
sin Gold (Promega®, WI, USA) was added at a molar
ratio of 1:20 trypsin to protein and incubated at 37�C for
24 hr in 50 mM Tris–HCl buffer (pH 8.8). Following
digestion, each sample (approximately 500 μl in total vol-
ume) was lyophilized and then resuspended in 50 μl of
reducing buffer (50 mM Tris–HCl, 2 mM DTT). These
samples were sequenced with LC/MS/MS (LTQ
LX/Orbitrap Q Exactive™ Focus Thermo Scientific™).

Proteomic analysis of MS/MS spectra were performed
using SeQuest. Variable modifications of azide (+83.05
Da) and phosphine (+346.31 Da) on lysine residues were
queried. Peptide-spectrum matches (PSMs) were vali-
dated with false discovery rate confidence thresholds of
0.01–0.05. PSMs of high and medium confidence were
considered. PSM filtering also considered the following
parameters: Xcorr, ΔCn, and precursor mass accuracy.
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