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Abstract

The growth of diffraction-quality single crystals is of primary importance in protein X-ray

crystallography. Chemical modification of proteins can alter their surface properties and

crystallization behavior. The Midwest Center for Structural Genomics (MCSG) has previously

reported how reductive methylation of lysine residues in proteins can improve crystallization of

unique proteins that initially failed to produce diffraction-quality crystals. Recently, this approach

has been expanded to include ethylation and isopropylation in the MCSG protein crystallization

pipeline. Applying standard methods, 180 unique proteins were alkylated and screened using

standard crystallization procedures. Crystal structures of 12 new proteins were determined,

including the first ethylated and the first isopropylated protein structures. In a few cases, the

structures of native and methylated or ethylated states were obtained and the impact of reductive

alkylation of lysine residues was assessed. Reductive methylation tends to be more efficient and

produces the most alkylated protein structures. Structures of methylated proteins typically have

higher resolution limits. A number of well-ordered alkylated lysine residues have been identified,

which make both intermolecular and intramolecular contacts. The previous report is updated and

complemented with the following new data; a description of a detailed alkylation protocol with

results, structural features, and roles of alkylated lysine residues in protein crystals. These

contribute to improved crystallization properties of some proteins.
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1 Introduction

X-ray crystallography is the most important method for the elucidation of atomic resolution

three-dimensional structures of biological macromolecules. Its success depends essentially

on the availability of diffraction-quality single crystals. The generation of protein crystals

suitable for structure determination remains a major bottleneck in structural biology. Not all

proteins crystallize and an analysis of the data from large-scale structural genomics efforts
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reveals that at best ~15 % of purified proteins produce a three-dimensional structure.

Consequently, there is much interest in exploring salvage approaches to increase the

structure determination success rate, specifically by increasing the propensity of proteins for

crystallization and improving the diffraction-quality of crystals.

The crystallization of proteins is influenced by many factors associated with the sample

itself (impurities, conformational flexibility and local disorder, polydispersity, chemical

non-homogeneity, missing interacting partners, insufficient loading with ligands, etc.). Over

the years, numerous approaches have been described that address these issues [1–3] but few

have been tested vigorously on a large set of protein samples under controlled conditions

[4]. Protein surface properties are important for protein crystallization. Modification of the

protein surface, either by site-directed mutagenesis [3, 5] or chemical modification [4, 6–9],

is a well-established strategy to promote protein crystallization. It is believed that these

modifications reduce the surface entropy of the protein [10] and support protein–protein

associations [11]. Among protein surface modification strategies, reductive methylation of

lysine residues has been successfully applied to obtain good protein samples and high

quality crystals for structure determination either in a small sample set or a large sample set

in structural genomics centers [4–6, 9, 11, 12]. Some proteins can only be crystallized after

methylation [6, 9, 12–14] and often crystals of modified proteins diffract to higher resolution

[4, 12, 15]. Besides surface entropy reduction [10] and new surface contact creation [11], it

was proposed that N-methyl to oxygen contacts of methylated lysines are important for

assisting in the formation of diffraction-quality crystals [4, 14, 16]. Since the potential of

other reductive alkylation methods such as ethylation and isopropylation remains unknown,

experimental protocols have recently been expanded to include these two in parallel with

reductive methylation in the Midwest Center for Structural Genomics (MCSG) pipeline to

assess these alternative alkylation approaches.

Reductive alkylation of proteins is a simple, inexpensive method that involves modification

of the solvent-exposed ε-amino group of lysine (and under some conditions the N-terminal

α-amino group) [17] with reducing agents dimethylamine-borane complex and

formaldehyde (for reductive methylation), acetaldehyde (for reductive ethylation) or acetone

(for reductive isopropylation). Reductive methylation and ethylation produce both mono-

alkyl (mmLys or meLys) and di-alkyl (dmLys or deLys) derivatives. The reaction

mechanism for reductive methylation is believed to involve a nucleophilic addition of an

unprotonated lysine ε-amino group to formaldehyde to form an N-methylol moiety, which

dehydrates and is then hydrogenated to form monomethylated lysine (mmLys). In the

second step of the exampled reductive methylation, the secondary amine reacts with a

second molecule of formaldehyde, which undergoes hydrogenation leading to dimethylated

lysine (dmLys).

R − NH2 +CH2O ↔ R − N = CH2 → R − NH − CH3 → R − N − (CH3)2

The properties of methylated lysines in proteins have been investigated by NMR. The pKa

of dmLys measured in calmodulin ranges from 9.29 to 10.23 [17, 18] and is slightly lower

than observed for lysine 9.84–10.71 [19]. This is consistent with an observed decrease in the

protein isoelectric point after methylation [12].
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The chemical modification is fast, specific (only free amino groups are modified), and

requires few steps under relatively mild buffer and chemical conditions. Moreover, native

and reported methylated proteins show very similar structures and in most cases maintain

their biochemical function [6, 9, 15, 17]. In an early effort to assess the efficacy of

methylation on a sample set of statistical significance, 370 proteins that have no significant

sequence similarity and resisted crystallization efforts in the MCSG during PSI-2 were

modified. The results of the evaluation with an improved success rate in protein crystal

structures production were reported [4, 16].

Reductive methylation has since continued to be used as an effective salvaging method for

proteins that fail in producing diffraction-quality crystals in initial screenings. The proteins

tested were biased to those that could be purified in reasonable scale (5–20 mg/ml). Of the

180 proteins that were modified and screened, 12 structures were determined, including the

first ethylated and the first isopropylated protein structures (Tables 1 and 2). Together with

the previous trial of methylated proteins, 32 alkylated protein structures out of 550 proteins

have been determined, a 5.8 % success rate. Considering only ~15 % of proteins purified in

their native form result in a crystal structure, the 5.8 % success rate represents a 37 %

increase as the proteins targeted in this project derive from a subset of proteins that failed to

produce a structure in initial attempts. Therefore, the use of alkylation complements the

experiments with native proteins. Reductive alkylation, particularly methylation of protein

lysine residues, provides a simple, specific, fast, inexpensive, and efficient method to alter

protein surface properties that can improve protein crystallizability and crystalline order and

can aid in structure determination. There are very few known side reactions and the method

does not require laborious processing of the protein. The method requires a reasonable

amount of material and can be applied to several samples in parallel; it does not involve any

specialized equipment and therefore can be considered as a good generic approach to

salvage projects that failed in the initial crystallization screens. Hence, it fits well into high-

throughput approaches for structure determination and suits regular laboratories as well.

2 Materials

2.1 Protein Preparation

All proteins were prepared by following the standard procedure developed by the MCSG

[20] and Center for Structural Genomics of Infectious Diseases (CSGID). For preparation of

protein, details on cloning and protein purification protocols, see the Chapters 5 and 7 in this

book. This procedure can also be applied to seleno-methionine labeled proteins. The

alkylation protocol requires approximately 5–20 mg of purified proteins at concentrations of

5–10 mg/ml for each sample.

2.2 Reagent Preparation

All reagents are prepared fresh the day of experimentation and all solutions are kept at 4 °C

or on ice. They include:

1. 1 M dimethylamine-borane complex (ABC) in deionized water (6 mg of ABC in

100 µl of water).
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2. 1 M formaldehyde (for methylation) or 1 M acetaldehyde (for ethylation) or 1 M

acetone (for isopropylation) in deionized water.

3. 1 M glycine in deionized water.

4. 1 M dithiothreitol (DTT).

5. Reaction buffer: 50 mM HEPES pH 8.0, 500 mM NaCl, 5 % (v/v) glycerol, and 10

mM β-mercaptoethanol.

3 Methods

The initial reductive methylation protocol was performed according to Rypniewski et al. [6]

and Rayment et al. [9]. The experiment was conducted using sodium borohydride as the

reducing agent. However, to reduce foaming and subsequent protein denaturation, the

protocol was modified to a more gentle treatment with 1 M dimethylamine-borane complex

(ABC) as the reducing agent [12]. More recently, commercial reductive alkylation protocols/

kits have also become available (Hampton Research, Inc.). Due to its proven success rate,

reductive methylation remains the primary alkylation choice especially when the amount of

protein is limited. Otherwise, parallel experiments including reductive ethylation and

reductive isopropylation are performed. Experimental protocols for ethylation and

isopropylation are similar to the one for methylation except for their second reducing agents

as described below. Parallel experiments take advantage of the high-throughput structure

determination pipeline in the MCSG and CSGID.

3.1 Reductive Alkylation, Day 1

1. Add 20 µl of 1 M ABC per 1 ml of protein solution and mix gently.

2. Immediately add 40 µl of 1 M formaldehyde (for methylation), acetaldehyde (for

ethylation) or acetone (for isopropylation) per 1 ml of protein solution, then mix

gently.

3. Incubate the solution at 4 °C for 2 h and repeat the procedure one more time.

4. At the end of the second incubation, add an additional amount of 10 µl of ABC per

1 ml of protein.

5. Incubate the solution at 4 °C overnight (12–14 h).

3.2 Reductive Alkylation, Day 2

1. Add 80 µl of 1 M glycine (to a final concentration of 5 mg/ml) and 6 µl of 1 M

DTT (to a final concentration of 5 mM) to quench the reaction.

2. Leave solution on ice for 2 h.

3. The modified proteins are either buffer exchanged extensively by dialysis overnight

against a large volume of crystallization buffer (20 mM HEPES pH 8.0, 250 mM

NaCl, 2 mM DTT) or preferably purified by size exclusion chromatography, which

not only removes residual reagents from the reaction, but also separates higher

molecular weight protein aggregates, which may have formed during the reaction.
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In some cases, analysis of the size exclusion chromatography profile can reveal

reaction-induced changes in the oligomerization states of the protein.

4. The modified proteins are then concentrated to the desired concentration for

characterization and crystallization (see Note 1).

3.3 Characterization and Crystallization of Modified Proteins

1. The modified proteins are characterized using SDS PAGE; selected samples are

characterized using MALDI-TOF spectrometry (Tecan) or Electrospray Ionization

mass spectrometry (ESPI-TOF) with QStar XL (Applied Biosystems Inc.)

2. The modified proteins are screened for crystallization conditions in sitting drops

(Mosquito, TTP Labtech); 0.4 µl of protein is added to 0.4 µl of crystallization

solution and equilibrated over a 135 µl well solution. Commercial crystallization

formulations available from Hampton Research (Index), Decode Genetics (Emerald

Biostructures) (Wizard I & II), and Qiagen (Nextal Biotechnologies) (PEGs II) or

the MCSG suite including MCSG-1 to -4 (Microlytic, Inc) are used for the crystal

screening. Plates are kept at 4 or 16 °C in Robohotels and imaged with the Minstrel

III system (RIGAKU) (see Notes 2 and 3).
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3Roles of alkylated lysines:
The ordered alkylated lysines are engaged in a variety of intramolecular and intermolecular interactions with the protein and solvent.
These interactions may help stabilize the protein and create new crystal packing contacts, producing diffraction-quality crystals.
New interactions promoted by alkylated lysine are observed. Besides the interactions that involve contacts between the dmLys methyl
groups with carboxylates and carbonyls on the surface of the protein as reported earlier by Kim et al. [4], Shaw et al. [14], and Fan and
Joachimiak [16], several additional types of interactions were also observed, such as the interaction with His residues [4]. The deLys
shows a new type of hydrophobic interaction (observed for the first time) with the aromatic rings of Tyr and Phe, suggesting that
adding a larger hydrophobic alkyl group to lysine changes the nature of the interactions from a hydrogen bond interaction (with
methyl group) to a hydrophobic interaction (with ethyl and isopropyl groups) (Fig. 1c). Interestingly, ethylated lysine can still make a
hydrogen atom bond through its Nζ nitrogen (Fig. 1c). Experimental observations [4, 11, 12] and quantum mechanical calculations
[16] show that the methyl group in dmLys or mmLys is polar and is capable of acting as hydrogen-bond donors in quasi-hydrogen
(albeit weaker) bonds formed with oxygen and nitrogen atoms of proteins as well as ordered solvent. In some cases, the interaction is
exclusively with a single water molecule, but more often the methylated lysine becomes part of an extensive interaction network on
the protein surface (Fig. 1a). It has been proposed that methylation of lysine residues enhances crystal packing by solvent
reorganization around methylated lysine side chains, favoring the formation of protein crystals through solvent entropic gain [16]. The
distances between methyl carbons in the dmLys (or mmLys) and oxygen or nitrogen atoms range from 3.2 to 3.8 Å, somewhat longer
than a typical hydrogen bond distance between two electronegative atoms, as predicted from theoretical calculations (3.28 Å) [16].
Alkylating a lysine expands its interaction radius. Lysine is underrepresented at the protein–protein and crystal packing interfaces [11,
22–24]. Chemical modification to the lysine residue sometimes changes its properties from non-supporting interactions to promoting
interactions. For example, methyl groups provide a convenient extension to the ε-amino group of the lysine (i.e., Lys53 in Fig. 1a)
allowing a weak, long distance (>4.2 Å) interaction with oxygen or nitrogen (i.e., Glu47 in Fig. 1a) to be replaced with stronger,
shorter ε-amine-[N-methyl]—oxygen/nitrogen interactions [16]. Adding methyl groups effectively increases the interaction radius of
lysine by 1–1.4 Å. Therefore, modification of Lys, for example, to dmLys may be seen as similar to replacing Lys with a “longer” Arg
residue. Arginine has a higher propensity to promote interactions and is found more often on protein–protein [25] and crystal packing
interfaces [22–24]. Most interactions with an Arg side chain occur approximately in the plane of the guanidinium moiety. The
dimethylamino group, however, is not planar, and interaction with it can occur over a wider range of angles providing a greater
interaction surface than Arg, although individual interactions are weaker than those with a guanidium group. Of course, this may also
cause “unwanted” effects such as protein aggregation, providing an explanation as to why after methylation some proteins precipitate
or change their oligomeric state [12]. Similar mechanisms may happen with lysine ethylation and isopropylation as well.
Alkylated lysine may produce more ordered and tighter packing. Intrachain interactions promoted by alkylated lysine residues can
improve protein stability, molecular packing, and help to produce more ordered diffraction-quality crystals (Fig. 1d). Additionally,
lysine alkylation alters the surface, changing protein solubility and allowing for the exploration of a different set of protein
orientations as they pack to form a crystal. An alkylated protein can explore an “interaction space” that is different from the native
protein. This often leads to a new selection of crystal packing contacts with lower lattice disorder as manifested by a reduction in
isotropic B-factors. Quantum mechanical calculations showed that methylated lysines attract more ordered solvent molecules [16].
These water molecules are being released to bulk solvent upon protein crystallization leading to a net entropic gain. Additionally, for
proteins with both native and alkylated structures, the solvent contents of alkylated crystals are ~4–5 % less than native crystals.
Protein crystals with lower solvent content tend to have higher crystalline order and usually diffract to higher resolution [4, 26].

Tan et al. Page 7

Methods Mol Biol. Author manuscript; available in PMC 2014 July 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 1.
Examples of methylated, unmethylated and ethylated lysines found in alkylated protein

structures and the interactions promoted by alkylated lysines. Proteins are drawn in stick

format incased in navy mesh of a 2Fo–Fc map contoured at 1σ. (a) A di-methylated lysine

53 (dmLys53) interacts with carboxylates, carbonyl, and water. It is also a part of an

extended hydrogen bond network. The figure was prepared based on the structure of a

secreted protein from Salmonella enterica subsp. enterica serovar typhimurium str. 14028S

(gi: 267994654, PDB code: 4HG1). In this case, the native protein crystals from initial

screenings diffracted to about 3.5 Å. After the protein was methylated, the modified protein

crystals diffracted to 1.75 Å and its structure determination was straightforward (Table 1,

PDB: 4HG1). This was a project in collaboration with the Program for the Characterization

of Secreted Effector Proteins (PCSEP) of the Pacific Northwest National Laboratory. (b) An

unmethylated lysine (Lys48) involved in multiple interactions (salt bridge and hydrogen

bonds) with other protein atoms and one water molecule in a methylated structure (PDB

code: 3BED). It is believed that a lysine involved in strong intrachain interactions may
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prevent the residue from being methylated. The exampled structure is from the mannose/

sorbose specific IIA subunit of phosphotransferase system from E. faecalis v583. (c) A

diethylated lysine (deLys) in two conformations. Ethylated lysine residues tend to have

multiple conformations and be at least partially disordered. In this structure from an

ethylated short-chain dehydrogenase/reductase from V. parvula DSM 2008, the deLys184

forms an additional hydrogen bond to Asp188. It also makes hydrophobic contacts to Tyr25

and Phe187. The hydrophobic interaction added from ethylated lysine is believed to be its

major feature. (d) In the methylated structure (PDB code: 3BED) as mentioned in (b), the

two chains, (A) and (B), make a contact that is nearly twofold symmetric. Across the small

interface, methylated lysine 190 from the (B) chain (dmLys B190) forms an extensive

interaction to the (A) chain. Carbon atoms from the (A) and (B) chains are colored in yellow

and salmon, respectively
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Table 1

Summary of reductive alkylation results for proteins processed in this study

Alkylation
sets

Number of
proteins treated

Macroscopic
crystals harvested

Diffraction data
set collected

Structure(s)
solved

Methylation 180 21 11 10

Ethylation 74 10 1 1

Isopropylation 21 4 1 1
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