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ABSTRACT:   Although polyethylene glycol (PEG) is commonly used to improve protein stability and therapeutic efficacy, 
the optimal location for attaching PEG onto proteins is not well understood.  Here, we present a cell-free protein synthesis-
based screening platform which facilitates site-specific PEGylation and efficient evaluation of PEG attachment efficiency, 
thermal stability, and activity for different variants of PEGylated T4 lysozyme, including a di-PEGylated variant. We also 
report developing a computationally-efficient coarse-grain simulation model as a potential tool to narrow experimental 
screening candidates. We use this simulation method as a novel tool to evaluate the locational impact of PEGylation. Using 
this screen, we also evaluated the predictive impact of PEGylation site solvent accessibility, conjugation site structure, PEG 
size, and double PEGylation. Our findings indicate that PEGylation efficiency, protein stability, and protein activity varied 
considerably with PEGylation site, variations which were not well predicted by common PEGylation guidelines. Overall 
our results suggest current guidelines are insufficiently predictive, highlighting the need for experimental and simulation 
screening systems such as the one presented here. 
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Since its invention in the 1970’s, PEGylation has proved to be a valuable tool for pharmaceutical 1 

applications.10-13 Several PEGylated therapeutics are already available for clinical use including the top 2 

10 selling pharmaceutical Neulasta.11, 14, 15 PEGylated therapeutics are reported to have improved 3 

pharmacokinetics and reduced immunogenicity, due to slower renal filtration and increased resistance to 4 

degradation and aggregation.2, 6, 9, 16, 17 Enzyme biocatalysts could similarly benefit from PEGylation 5 

through improved stability and greater hydrodynamic radius, leading to improved recoverability and 6 

retention in matrices.14, 18 However, commercially available PEGylated proteins to date are non-7 

specifically PEGylated, targeting multiple natural residues such as lysine or cysteine,1, 19 or are produced 8 

by targeting of naturally occurring, uniquely reactive sites, such as the N- or C- terminus,15, 20 disulfide 9 

bonds,25 or at less prevalent natural amino acids such as cysteine which have been mutated into the 10 

protein.26, 27 Because these techniques limit the sites available for targeting, the tethering locations on the 11 

protein may be in suboptimal locations such that conjugation would hinder protein stability or important 12 

protein-protein interactions,20 both of which can dramatically reduce the protein’s activity. In some 13 
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proteins, application of these techniques may also require extensive mutagenesis in order to prevent 14 

undesired PEGylation where the targeted moiety occurs naturally in the protein.   15 

Site-specific insertion of unnatural amino acids (uAA) via stop codon suppression offers the ability to 16 

conjugate a protein at potentially any site with minimal mutation.30-32 The wide variety of uAA with useful 17 

side-chain chemistries adds a flexibility to uAA-based conjugation which makes it a powerful tool for 18 

producing optimally PEGylated proteins. However, the optimal site for PEG conjugation is not well 19 

understood and activities of different analogs can vary greatly.31, 33 In order to mitigate the costs associated 20 

with development of optimized PEGylated proteins, improved guidelines are necessary to inform 21 

conjugate design.  22 

E. coli-based cell-free protein synthesis (CFPS) offers an ideal platform for rapidly and economically 23 

screening various sites for uAA incorporation34, 35 and PEGylation, providing a promising tool for both 24 

developing guidelines to inform PEGylated protein design and identifying optimal PEGylated proteins 25 

from a pool. The flexibility of the CFPS has enabled cell-free synthesis of a wide variety of challenging 26 

proteins, including cytotoxic proteins,36 disulfide-bonded therapeutics,37 virus-like particles,38-40 proteins 27 

requiring chaperones,41 and antibodies.30 Although the E. coli-based cell-free system is currently unable 28 

to replicate mammalian glycosylation patterns, recent advances in engineering glycosylation into the 29 

system and advances in uAA incorporation are promising developments towards this end.  Here we present 30 

a cell-free based approach that allows rapid, scalable assessment of PEGylated proteins, enabling 31 

optimization of PEGylated proteins in a more time- and resource-efficient manner.  32 

As a proof-of-concept study, we apply our system to evaluate existing guidelines for PEGylated protein 33 

design, specifically (1) PEG size and number as a factor in PEGylation efficiency,10 protein stability,1‐5, 9 34 

and protein activity,1, 6‐8 (2) PEGylation site solvent accessibility as a predictor of efficient PEGylation,21‐35 

24 and (3) flexible loops as preferred conjugation sites to minimize stability and activity loss.13, 28, 29  Finally, 36 

to further enhance the screening process, we also develop a coarse-grain molecular simulation to inform 37 

candidate site selection and demonstrate the utility of the simulation for coarse PEGylation site 38 

assessment.  39 
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1 RESULTS AND DISCUSSION 40 

1.1 CFPS‐Based Screening System 41 

In this study we first seek to demonstrate the utility of a cell-free expression system to quickly assess the 42 

impact of PEG size and conjugation site on the properties of a target protein. Using CFPS as opposed to 43 

in vivo methods reduced resource costs and accelerates protein preparation from weeks to days by (1) 44 

eliminating cell culturing of each protein variant, enabling protein synthesis in ~8 hours, (2) allowing 45 

microliter scale protein synthesis reactions for efficient reagent use, and (3) simplifying protein 46 

purification. Additionally, in less than 5 hours and with less than 2 ug of each protein sample, we are able 47 

to screen PEGylation efficiency and thermal stability in parallel with protein activity. We selected T4 48 

lysozyme (T4 Lyz, EC 3.2.1.17) as a model enzyme for this study, and at the conclusion of our study, we 49 

evaluate our results against several generic 50 

PEGylation guidelines.   51 

1.1.1 CFPS of Screening Pool 52 

Six sites were selected for uAA p-azido-L-53 

phenylalanine (AzF) incorporation, spanning a 54 

range of solvent accessible surface areas (SASA) 55 

and structures. The selected sites are as follows: 56 

substitutions at sites K16, S44, N53, L91, and 57 

K135, and an amber stop insertion between residues 58 

K162 and N163 (Ins163). Locations of the selected 59 

sites along with their corresponding relative SASA 60 

values, as scored by ASA-View,42 are reported in 61 

Figure 1A. Plasmids were constructed to 62 

incorporate the amber stop codon, TAG, at each of 63 

these sites, as detailed in the Materials and Methods.  64 

We also constructed a double amber suppression 65 

variant, as di-PEGylation may further stabilize 66 

proteins compared to mono-PEGylation. 9 43 Di-67 

PEGylation may also provide additional advantages 68 

for therapeutic proteins, such as reduced vacuole 69 

Figure 1 - T4 Lysozyme variants and yields.  
A: ASA-View relative solvent accessible surface 
areas, normalized to the average surface area of 
each amino acid in 30 random configurations of 
a Gly-X-Gly tripeptide (*SASA reported for 
Ins163 insertion site is an average of the ASA-
View values for the SASA of K162 and N163), 
and Chimera image showing locations of these 
residues in T4 Lyz (showing PDB ID code 
2LZM). Residues depicted in green are part of 
unstructured loops, while structured sites are 
represented in pink or orange (pink for beta sheet, 
orange for alpha helix). The residues surrounding 
the insertions site are shown in yellow, and are 
also part of an unstructured loop; B: CFPS Yields 
and Autoradiogram. Full-length T4 Lyz CFPS 
yields and sample autoradiogram. Data shown 
are averages and standard deviations of n = 2-5 
separate reactions for all variants. 
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formation in the kidneys.44 We constructed a double amber suppression variant with sites N53 and Ins163 70 

(N53/Ins163), because they have high solvent accessibility and are located on opposite sides of the protein. 71 

Using an E. coli-based cell-free system, AzF was incorporated as reported previously,45 resulting in the 72 

production of the following lysozyme variants: K16AzF, S44AzF, N53AzF, K135AzF, Ins163AzF, and 73 

N53AzF/Ins163AzF. As our lab and others have observed previously,31, 34, 46 yields of full-length lysozyme 74 

varied depending on the location of uAA incorporation. Average yields fell between 160-500 ug/mL 75 

(Figure 1B) – exceeding 25% of WT yield in all cases – and very low levels of full-length T4 Lyz 76 

expression were observed in the absence of AzF. The yield of the double-AzF-modified protein was 0.28 77 

mg/mL, significantly exceeding previously reported yields for double AzF-incorporation via amber 78 

suppression.8, 23, 29 The ability to achieve higher yields in hours, even for double amber suppression, is a 79 

primary advantage of the CFPS expression system as a basis for a conjugate screening platform. Full-80 

length AzF-incorporated variants were then rapidly purified using spin columns, as detailed in the 81 

Materials and Methods.  82 

Using the cell-free system enabled sufficient protein yields for our screen from ≤ 400 uL reactions in just 83 

8+ hours with minimal optimization. As such, CFPS reduces time and resource costs of the screen by 84 

eliminating the need for cell culturing of each construct. This system also simplifies purification by 85 

eliminating the lysis and clarification steps between expression and purification, allowing direct addition of 86 

the expression reaction to a spin column for rapid, small-scale purifications. 87 

1.1.2 PEGylation Efficiency Screening 88 

Purified T4 Lyz variants were PEGylated with 5kDa and 20kDa PEG using a strain-promoted azide-alkyne 89 

cycloaddition (SPAAC) reaction. The SPAAC reaction, illustrated in Figure 2A, is advantageous because it 90 

can be done rapidly and at physiological conditions without additional components such as protecting 91 

groups or copper catalysts. 45, 47, 48 SPAAC reactions were performed using 5 uM purified T4 Lyz variant 92 

and 20 or 50 equivalents, respectively, of 20kDa or 5kDa PEG with a dibenzocyclooctyne (DBCO) terminal 93 

group providing the strained alkyne DBCO-mPEG. The DBCO-mPEG equivalents were doubled for 94 

PEGylation of N53AzF/Ins163AzF. These conditions provided high click efficiency at most of the chosen 95 

sites.  96 

Average PEGylation efficiency is shown in Figure 2B as calculated by SDS-PAGE electrophoresis, 97 

autoradiography, and densitometry (Supplemental Figure S1). While the results reported here are from 98 

autoradiography of the protein gels in order to insure that PEG did not interfere with staining, densitometry 99 
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can also be done directly using the protein gels with very similar results, due to the high purity of the 100 

samples. As alluded to previously, the conjugation sites selected in this study were chosen in part to evaluate 101 

PEG size and conjugation site accessibility, which are common guidelines for the design of PEGylated 102 

proteins with high conjugation efficiency. 10, 21‐24 The results of our screen revealed no significant impact of 103 

PEG size on click efficiency with the 5kDa and 20kDa unbranched-PEG molecules employed in our study, 104 

even for the di-PEGylated N53AzF/Ins163AzF (Figure 2B). This result suggests that the accessibility of the 105 

site to the larger DBCO group plays a stronger role in conjugation efficiency than the 15kDa increase in 106 

size of the flexible PEG chain.  Indeed, the impact of PEG size on PEGylation efficiency may be influenced 107 

by the conjugation mechanism, and this possible relationship should be considered when optimizing 108 

PEGylation location. We also observed that while the fraction of unmodified N53AzF/Ins163AzF following 109 

SPAAC reaction is on par with that of N53AzF and Ins163AzF, the efficiency of dual PEGylation is lower 110 

than would be expected based on the conjugation efficiencies of each site individually (expected: 62%, 111 

63%). These results suggest that steric hindrance from the first PEG chain may inhibit conjugation with the 112 

second PEG chain, despite the relatively large distance between the sites, and is an important factor when 113 

Figure 2 – SPAAC reaction scheme & efficiency. A: SPAAC Reaction between DBCO-mPEG and 
AzF-substituted T4 Lysozyme; B: SPAAC Efficiency of T4 lysozyme variants (n = 2+, error bars 
represent one standard deviation); C: SPAAC Efficiency vs Relative SASA, note that relative SASA 
is not linearly correlated with conjugation efficiency in this study (n = 2+, error bars represent one 
standard deviation. When not visible, error bars are hidden under marker). 
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considering the advantages of multi-PEGylation verses mono-PEGylation with longer PEG. This 114 

phenomenon is expected based on observations for dual-PEGylation using natural amino acids.44 115 

Using our screen, we also found that higher SASA does not necessarily correlate with higher conjugation 116 

efficiency (Figure 2C). Using Chimera,49 we also evaluated the local surface hydrophobicity of these sites, 117 

a trait which has been suggested to improve SPAAC efficiencies via interaction with the hydrophobic DBCO 118 

group.24, 50 Again, we found no clear correlation (Supplementary Figure S2), suggesting that neither SASA 119 

or surface hydrophobicity are sufficient predictors of high-efficiency conjugation sites.  120 

The discrepancies between common design guidelines and our results as described above further 121 

demonstrate the need to rapidly screen multiple PEGylation sites in parallel. Importantly, the small-scale 122 

expression reactions and low concentration conjugation reactions described above mitigate screening costs 123 

by reducing the amount of product needed.  124 

1.1.3 Stability Screening 125 

A primary motivation for PEGylating proteins is to improve both thermal stability and protease resistance. 126 

1, 9, 51 Hence, stability evaluation is a key step in the conjugate screening process. Stability against protease 127 

degradation has previously been shown to correlate with protein conformational stability.9 Thus, in our 128 

screening approach we use changes in protein melting temperature to characterize the stability of the 129 

screened proteins and corresponding conjugates. Thermal shift assays provide a higher-throughput, more 130 

cost-effective method for assessing protein melting temperature when compared to more traditional 131 

methods such as differential scanning calorimetry by allowing rapid, accurate Tm characterization with 132 

small samples and low-cost reagents. Here, we use a protein thermal shift assay to evaluate stability of 133 

our screening pool using only 1-1.5 ug protein from each unpurified SPAAC reaction (3 replicates with 134 

~0.3-0.5 ug of protein per replicate) in under 5 hours at less than $0.30 per screened protein or conjugate 135 

(~ $ 0.09 per replicate). The Protein Thermal Shift assay requires three orders of magnitude less protein 136 

at an order of magnitude lower protein concentration than traditional differential scanning calorimetry.52 137 

Using the Protein Thermal Shift assay, control Tm values for WT, WT+PEG5kDa, and WT+PEG20kDa 138 

were determined to be 61.0°C ± 0.10, 61.1°C ± 0.81, and 60.7°C ± 0.39, respectively, at a pH of 7.4, 139 

which agrees well with values previously reported for WT T4 lysozyme in literature.53-57 The change in 140 

Tm due to incorporation of AzF or PEGylation at the incorporated AzF residue(s) relative to the 141 

corresponding control WT Tm is shown as ΔTm in Figure 3A (ΔTm = Tm,raw – Tm,control, where Tm,control is 142 
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the Tm for WT, WT+PEG5kDa, or WT+PEG20kDa 143 

for the unconjugated, PEG5kDa conjugates, and 144 

PEG20kDa conjugates, respectively).  145 

For all seven lysozyme variants, the magnitude of  146 

ΔTm associated with AzF incorporation was greater 147 

than the magnitude of the change in ΔTm as a result 148 

of PEGylation (Figure 3A, blue bars vs the 149 

difference between blue bars and either orange 150 

striped or white bars. This change in ΔTm between 151 

the conjugated and unconjugated T4 Lyz variants 152 

will be referred to as ΔTm,conj, where ΔTm,conj = 153 

ΔTm,PEGylated - ΔTm,unconjugated). The observed impact 154 

on stability of even a single amino acid change 155 

demonstrates the challenge of engineering 156 

conjugation sites into proteins, as even minimal 157 

mutation can cause significant impact on protein 158 

stability. This further highlights the utility of the 159 

presented CFPS-based conjugate screening 160 

approach, as cell-free systems have been used to 161 

corporate a variety of uAAs,45 providing an 162 

opportunity to minimize the impact on stability 163 

through optimization of the choice of uAA.  164 

PEGylation had the greatest stabilizing impact on 165 

K16AzF and Ins163AzF, but modestly improved the 166 

stability at all mono-AzF T4 Lyz variants with the 167 

exception of L91AzF.  Slight improvements in 168 

stability following double PEGylation of 169 

N53AzF/Ins163AzF were not significant, indicating 170 

that in this case stabilizing benefits did not compound 171 

Figure 3 – T4 Lyz stability and activity. For A and 
B stars indicate significant differences, where *** = 
p < 0.001 and ** = p < 0.01. A: Thermal stability of 
T4 Lyz variants and conjugates.  ΔTm as determined 
from the Protein Thermal Shift Assay shown with one 
standard deviation, where n = 3-18 from 2-6 separate 
experiments; B: Relative Activity of T4 Lyz variants 
and conjugates. Data shown as averages and standard 
deviations of n = 3-11 from 3 separate experiments; 
C: Relative Activity vs ΔTm. Data from A and B 
plotted against each other. Note the positive linear 
trend, which indicates that stability may potentially 
be used as a screen to eliminate less active conjugates 
before activity testing. 
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as previously reported.9 The varying impact of PEGylation on Tm for the different T4 Lyz variants was also 172 

not well predicted by SASA (Figure S3B).  173 

In all cases, increasing PEG size from 5kDa to 20kDa did not affect the protein stability (Figure 3A), which 174 

agrees with many previous reports.3-5 Studies which have found increased conjugate thermal stability with 175 

increasing PEG size have focused on smaller PEG oligomers,9, 58 which could explain the difference to the 176 

present study (see Supplemental Information for a more detailed discussion). 177 

Our data also indicates that unstructured sites are not necessarily preferable to structured sites, either for 178 

uAA substitution or for PEGylation. Indeed, the site which was most tolerant of the AzF substitution was 179 

S44, which is located inside an alpha helix. By contrast, the least tolerant site, L91, is in an unstructured 180 

loop just outside an alpha helix. Similarly, the K16AzF variant was most stabilized by PEGylation, despite 181 

its location in a beta sheet. In contrast, PEGylation at an alpha helix (S44AzF) or at less structured sites was 182 

less stabilizing. 183 

The dramatic destabilization from PEGylation at site L91 is interesting, given that this site was determined 184 

to be the optimal site for lysozyme immobilization.28, 59 These results indicate that the effects on protein 185 

stability from conjugation to a polymer differ significantly from the effects due to conjugation to a surface. 186 

A more detailed discussion of these differences is contained in the Supplemental Materials. 187 

Overall, our results highlight the need for screening approaches such as the one presented herein due to the 188 

lack of predictive factors for PEGylation-based stabilization. The CFPS-based screening approach provides 189 

a method for rapid, cost-effective screening of the effect of PEGylation at a variety of sites on protein 190 

thermal stability. 191 

1.1.4 Activity Screening 192 

Retained protein activity is another essential metric in the design of PEGylated protein. Fortunately, a 193 

reduction in specific activity following PEGylation can be compensated for, in many cases, by a 194 

corresponding increase in stability.10 However, minimizing the negative effects of PEGylation on activity 195 

would require less PEGylated protein in its final application, reducing costs and negative side effects of 196 

therapeutics. As PEG size and number have been previously reported to impact the activity of PEGylated 197 

proteins, we applied our screen to evaluate these effects on T4 Lyz activity. 1, 6‐8 The activity of each T4 Lyz 198 

variant and its PEG5kDa and PEG20kDa conjugates was determined using the Enzchek Lysozyme Assay 199 

(ThermoFisher Scientific) as reported in Figure 3B.  200 
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The activities of unconjugated K16AzF, S44AzF, N53AzF, K135AzF, and Ins163AzF were not statistically 201 

different (p > 0.05). However, all are greater than the activities of L91AzF and Ins163AzF. These results 202 

suggest that, like stability, activity of AzF substituted variants are not well predicted by PEGylation site 203 

secondary structure. The reduction in the activity of the unconjugated N53AzF/Ins163AzF was less than the 204 

sum of the reductions from the two individual AzF incorporations (N53AzF and Ins163AzF), suggesting 205 

that the activity losses in multi-uAA incorporations should not be considered additive. L91AzF had the 206 

lowest activity of any unconjugated T4 Lyz variant, including the double suppression variant, at only 61% 207 

WT activity. 208 

Of the six mono-PEGylated lysozyme variants tested, only PEGylation of N53AzF clearly increased the 209 

activity. While unexpected, improved activity following PEGylation is not without precedent.2, 60  210 

PEGylation at both the structured sites K16AzF and S44AzF and at the unstructured sites K135AzF and 211 

Ins163AzF did not significantly change the activity compared to the unconjugated variants. This suggests 212 

that the effect of PEGylation on activity is not well predicting by conjugation site secondary structure.  213 

In stark contrast to the other 5 mono-PEGylated variants, PEGylation of L91AzF resulted in an additional 214 

loss of activity, with conjugates retaining only about 60% of the activity of unconjugated L91AzF. This 215 

decrease in activity correlates with the significant decrease in stability seen as a result of PEGylation of 216 

L91AzF. There may be a general correlation between high activity retention and SASA, given the reduction 217 

in activity following PEGylation of L91AzF, minimal impact of PEGylation on activity for K16AzF and 218 

S44AzF, and improvement in activity following PEGylation of N53AzF. However because only PEGylation 219 

of L91AzF and N53AzF significantly changed the activity, the utility of the trend in predicting sites with 220 

the highest activity retention is uncertain (Figure S4). Still, SASA could be a useful guideline in narrowing 221 

potential PEGylation sites to exclude sites with very low SASA. 222 

In addition, activity of diPEGylated N53AzF/Ins163AzF decreased with 20kDa PEG. As neither 223 

PEGylation of N53AzF nor Ins163AzF with 20kDa PEG had a negative effect on activity, and because 224 

PEGylation of the double ambers suppression variant had no significant effect on the stability of the variant, 225 

this decrease in activity can reasonably be attributed to reduced accessibility of the active site to the 226 

macromolecular substrate (Micrococcus lysodeikticus cell walls) due to steric hindrance from the two large 227 

PEG chains. 228 

In all cases, there was no significant difference between the activities of the 5kDa PEG conjugates vs the 229 

20kDa PEG conjugates. PEG size has previously been reported to be negatively correlated with in vitro 230 
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activity,1, 6, 7, 61 but other studies have also shown that in some cases activity is independent of PEG size.62, 231 

63  For example, another study in which IFN was PEGylated with 5kDa, 10kDa, and 20kDa PEG at a 232 

disulfide bridge and the activity impact was found to be size independent.63 233 

Literature also reports that point mutations in a protein have minimal, localized impact on the structure,56 234 

so, given their distance from the active site, it is less likely that any of these mutations impact activity by 235 

deforming the active site. Thus, it is reasonable that any changes in activity would be related to changes in 236 

the dynamics of the protein. In analyzing the data in this study, there indeed appears to be a correlation 237 

between T4 Lyz analog stability and activity, as shown in Figure 3C. This relationship between stability and 238 

enzymatic activity could be used as a screening tool to eliminate variants which are likely less active based 239 

on their stability. This would reduce costs of PEGylation screening, as activity assays are more expensive 240 

than the stability assay. It is important to note that more data is necessary to confirm the existence of this 241 

trend for proteins beyond T4 Lyz, however, the presented screen could facilitate verification of this trend 242 

for other proteins. Verification of this trend would be especially important for proteins with more than 2 243 

folding states, as destabilization of certain domains may have a smaller impact on activity than others. 244 

However, our study indicates that stability could be a useful metric by which to eliminate less active 245 

candidates in a large screen without directly testing the activity of all candidates. 246 

1.2 Evaluating Common PEGylation Guidelines with Experimental Screen Results 247 

In the decades since the introduction of PEGylation, several recommendations have evolved towards the 248 

design of PEGylated proteins. A synopsis of key similarities and differences between the effects of 249 

PEGylation observed experimentally through the present screen and some common PEGylation guidelines 250 

in literature is summarized in Table 1. 251 

Our observations regarding PEG size support the claim that, in general, large PEGs are more advantageous 252 

than small PEGs for conjugate optimization, as we found no significant negative impacts of PEG size on 253 

the stability or activity of T4 Lyz which might offset the improved pharmacokinetics generally reported for 254 

conjugates with larger PEG chains.44, 64-66 In our evaluation of in vitro assays of a double site-specifically 255 

PEGylated conjugate, we found no motivation for double site-specific PEGylation due to the lack of 256 

additional stabilizing benefit and the negative effects on activity. However, as it is well documented that 257 

increased PEG weight improves pharmacokinetics of a therapeutic, these results suggest that there may be 258 

an optimal trade-off between specific activity and half-life which could potentially be achieved through 259 

double site-specific PEGylation. Finally, we evaluated trends in click efficiency, activity, and stability 260 
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relating to the uAA incorporation/PEGylation site, finding that current design metrics were insufficiently 261 

predictive of the effects of PEGylation observed through our screen. 262 

Overall, the experimental screen enabled the identification of S44, followed closely by N53, as the best sites 263 

for PEGylation of the sites screened due to their high PEGylation efficiency, high thermal stability, and high 264 

retention of activity. It should be noted that PEGylation had the greatest stabilizing effect on K16AzF, 265 

K135AzF, and Ins163AzF, however these sites were less tolerant of the AzF incorporation and had lower 266 

conjugation efficiencies. The locational effects of site-specific PEGylation were not well predicted by the 267 

common design guidelines evaluated in the screen. While some guidelines, such as conjugation at sites with 268 

high SASA, may have merit in some aspects of PEGylation engineering, their predictive capacity is 269 

incomplete. For example, K135 may be correctly predicted by SASA to have high activity retention, 270 

however PEGylated K135AzF would be more costly to produce commercially than similarly active S44AzF 271 

due to its low PEGylation efficiency. Hence, the screening approach presented is an attractive tool to 272 

facilitate the efficient screening of PEGylation sites in order to optimize the multiple facets of PEGylated 273 

protein design. 274 

1.3 Enhancing CFPS‐Based Screen with Coarse‐grain Simulation 275 

Considering the necessity of an experimental screen, an in silico tool to narrow candidate PEGylation sites 276 

would be useful in further reducing the costs of PEGylated protein design. Protein stability is a driving 277 

factor in protein PEGylation and is highly dependent on PEGylation site, therefore we sought to integrate 278 

a rapid molecular dynamics simulation as part of the screening process. Specifically, the potential of 279 

coarse grain simulation was evaluated as a pre-screen tool to inform selection of candidate conjugation 280 

sites, thereby reducing the size of the screening pool. Coarse-grain molecular dynamics simulations have 281 

previously been used to correctly identify an optimal site for T4 Lyz immobilization.28, 59 The method 282 

employs replica exchange molecular dynamics to calculate the heat capacity (Cv) of the molecule as a 283 

function of temperature.  Peaks in the Cv curve occur during structural transitions (unfolding/folding), and 284 

changes in the thermal stability can be obtained by comparing the temperatures at which the peaks occur 285 

in the Cv profiles of WT T4 Lyz and PEGylated T4 Lyz.  The computational efficiency of coarse-grain, 286 

molecular simulation make it especially appealing as a screening tool because many simulations can be 287 

done quickly and in parallel.  288 
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We modified the coarse-grain simulation to include a conjugated PEG chain at a specified site. The 289 

methods used are those that have been outlined previously59, 67-69 with a few modifications to include PEG, 290 

as detailed in the Materials and Methods. While the mechanism behind PEG-based stabilization is not 291 

well understood, there are two primary theories: PEG stabilizes proteins through 1) direct interaction with 292 

the protein surface58, 70, 71 or 2) entropic interactions with the solvent.9, 70 In this study we limited the 293 

simulation to evaluate only the entropic effect.  The entropy-only approach has been successfully applied 294 

to immobilized proteins,67, 72 and it has been previously reported that the stabilizing effect of PEG is 295 

primarily entropic.9 The polymer-protein interactions were thus purely repulsive.  The tethering of PEG 296 

to the protein was done with a simple harmonic restraint without changing the tethering residue to AzF. 297 

Currently AzF cannot be included in the model due to insufficient experimental data for paramterization 298 

of AzF in the coarse-grain interactions.  Therefore, predicted changes in melting temperature correspond 299 

to the change in melting temperature solely due to PEGylation (ΔTm,conj). The three-dimensional structure 300 

of T4 Lyz, needed for the model, was obtained from PDB ID 2LZM and is expected to be a reasonable 301 

representation of the structures of AzF-substituted lysozyme as any structural perturbations resulting from 302 

such substitutions have been previously reported to be minimal and highly localized.56 However, we 303 

excluded the variants involving an AzF insertion (Ins163AzF and N53AzF/Ins163AzF) from the 304 

simulation due to concerns that the WT structure may by a less accurate representation of the structure for 305 

these variants.  306 

We compared the simulation-predicted ΔTm,conj  to 307 

the experimentally determined values in our screen, 308 

with the results shown in Figure 4. The predictions 309 

from the entropy-based PEGylated T4 Lyz 310 

simulations agree well with the results from 311 

experiment. While the simulation did not predict the 312 

exact change in melting temperature due to 313 

PEGylation, it accurately predicted the relative 314 

change in stability after PEGylation. For both the 315 

PEG5kDa and PEG20kDa, the simulation 316 

accurately predicted the most stabilizing site for 317 

conjugation to be residue 16 and the least stabilizing 318 

site to be residue 91. The simulation also accurately 319 

Figure 4 – Comparison of coarse‐grain simulation and 
experiment. ΔTm,conj  for  20kDa  PEG  conjugates  (gray) 
and  5kDa  PEG  conjugates  (orange).    Averages  and 
standard errors of ΔTm,conj calculated from simulation (n 
= 10+) and protein thermal shift assay (n = 3‐18, ); When 
error  bars  for  experimental  are  not  visible,  they  are 
hidden under the marker. 
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predicted the remaining 3 sites to be slightly less stabilizing than conjugation at residue 16 but significantly 320 

more stabilizing than conjugation at site 91. As such, the entropy-only simulation could be a powerful tool 321 

for informing design of a screening pool (Example videos of simulation results provided in the 322 

supplementary information). Adapting the simulation to include enthalpic effects of PEG-protein 323 

interactions may further improve the predictive capacity of the simulation. Indeed, previous results have 324 

suggested that the enthalpic interaction effects of PEGylation can be destabilizing in some cases,9 which 325 

could account for the over-prediction of ΔTm,conj by the entropy-only model. Interestingly, the simulation 326 

seems to provide better quantitative estimates of ΔTm,conj for the 20kDa conjugates. We hypothesize that 327 

this is due to a more dominant impact of entropy with the larger polymer. Hence, incorporation of PEG-328 

protein interaction parameters may also allow the model to predict the relative impact of PEGylation with 329 

different lengths of PEG. 330 

Overall, our use of coarse grain simulations indicates that valuable insight can be gained about comparative 331 

effects of PEGylation from a simple, entropy-based model. This model could be incorporated as part of the 332 

screening process to create a hybrid simulation- and experimental-based screening method in which all of 333 

the sites on a target protein which are available to conjugation are first screened with the coarse grain model. 334 

The simulations in this study ran to completion in under 11 hours, potentially enabling simultaneous 335 

evaluation of all potential conjugation sites on a protein in less than 24 hours. Sites which are predicted by 336 

the simulation to be least stabilizing could then be eliminated from the subsequent experimental screen in 337 

order to conserve resources by reducing the number of candidate conjugation sites. Further improvements 338 

in the model, including parameterization of AzF and PEG-protein interactions, may enhance the capacity of 339 

the model for quantitative ΔTm prediction. 340 

2 CONCLUSIONS 341 

We have presented a screening system based on cell-free protein synthesis in order to rapidly assess 342 

PEGylated protein variants with microliter-scale reactions. Our system allows high yield of uAA-modified 343 

proteins, including doubly modified proteins.  Recent work demonstrating cell-free expression of a variety 344 

of challenging proteins illustrates the adaptability of the CFPS expression system, providing guidelines by 345 

which the presented system could be tailored to screen a variety of PEGylated proteins.30, 36-41 Coarse-grain 346 

simulations shows promise as a tool for rapid in silico screening of potential conjugation sites to further 347 

expedite the screening process by narrowing the experimental screening pool, conserving lab resources. We 348 

demonstrate the system’s utility in evaluating the effects of PEGylation at various sites on T4 lysozyme and 349 
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show that common guidelines were insufficient for predicting these effects. Our results and analysis 350 

highlight shortcomings in the current understanding and guidelines governing PEGylated protein design, 351 

and demonstrate the potential of a CFPS screening system to efficiently evaluate protein PEGylation sites 352 

in the absence of specific design heuristics.353 
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Table 1 – Comparison to design recommendations in literature. 

  PEGylation Recommendations in 
Literature 

Observations with CFPS Screen 

PEG Size 

‐ Larger PEGs offer improved 
pharmacokinetics and stability relative to 
smaller PEGsa 
‐   ΔTm independent of PEG sizeb 
‐ In vitro activity is inversely proportional to 
attached PEG massc 

‐ No significant difference in 
stability or activity of 20kDa 
conjugates vs 5kDa conjugates 

PEG Number 

‐ Higher modification number correlates 
with lower activityd 
‐ PEGylation at two individually stabilizing 
sites results in further stability 
improvement, though effects are not 
always additivee 
‐ Single large PEG is preferable to multiple 
small PEGsf  

‐ Double  PEGylation with 20kDa 
PEG decreased activity slightly 
‐ Double PEGylation at two 
individually stabilizing sites did not 
significantly improve stability 

Conjugation 
Site 

Efficiency 

‐ High SASA (Residues with ASA‐View score 
> 0.4) improves conjugation efficiencyg 
‐ Buried residues in hydrophobic pockets 
may conjugate with high efficiency in 
SPAAC reactionsh 

‐ SASA was not predictive of 
conjugation efficiency 
‐ No clear correlation to surface 
hydrophilicity/hydrophobicity 

Stability/
Activity 

‐ Conjugation at unstructured loops may 
minimize the strain on protein structurei 

‐ General trend of increased activity 
retention after conjugation at 
higher SASA may help to narrow 
experimental screens by eliminating 
sites with very low SASA 
‐ No clear correlation between 
stabilizing potential and PEGylation 
site secondary structure or SASA.  
‐  

  References: a1, 2, b 3‐5, c1, 6‐8, d6, e9, f1, g21‐24, h24, i13, 28, 29  
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3 METHODS 1 

3.1 Extract Preparation 2 

Extracts were prepared using an Escherichia coli BL21*(DE3) pEVOL-AzF strain, a kind gift from from 3 

Peter Shultz73, 74. The extract was prepared in a manner similar to that which has been described previously45, 4 

75-79 with a few modifications. Cells were grown at 37°C and 280 rpm in sequential growths. Growths were 5 

started in 5 mL of 2xYT media, incubated overnight, and moved into 100 mL 2xYT. The 100 mL growth 6 

was then incubated until an O.D. of 2.0 and then added to 900 mL L 2xYT media in a 2.5 L Tunair baffled 7 

shake flask (IBI Scientific, Peosta, IA) for a final volume of 1 L. When the 1 L growth reached an O.D. 8 

between 0.5 and 0.7, cells were induced with both 1 mL of 1 M isopropyl-1-thio-b-D-galactopyranoside 9 

(IPTG) and 0.20 g arabinose. Cells were then monitored and harvested in mid-log phase (An O.D. of ~2.0 10 

in this work) at 8,000 rpm for 30 minutes. After washing in Buffer A, cells were re-suspended in Buffer A 11 

at a ratio of 1 mL per gram and lysed in three passes through an Avestin Emulsiflex B-15 cell disruptor 12 

(Ottawa, Canada) at 21,000 psi. Lysate was centrifuged at 12,000 rcf for 10 minutes, following which 13 

supernatant was removed and incubated at 37°C for 30 minutes. Extract was then flash frozen and stored at 14 

-80°C until use. 15 

3.2 Plasmid Preparation 16 

A cysteine-free T4 Lyz variant was obtained from Addgene (Cambridge, MA) and cloned into the pY71 17 

plasmid, and a C-terminal strep-tag was added for purification purposes, as described previously.28 Six 18 

variants – K16Amber, S44Amber, N53Amber, L91Amber, K135Amber, and Ins163Amber – were created 19 

using the Quikchange II mutagenesis protocol (Agilent Technologies, Santa Clara, CA) 28. A seventh 20 

variant with two Amber codons was created also using the Quikchange II mutagenesis protocol to insert 21 

an additional amber stop between K162 and N163 on the N53Amber variant. This variant is hereafter 22 

referred to as N53/Ins163AzF. Plasmids were purified for use in cell-free protein synthesis using a Qiagen 23 

Plasmid Maxi Kit (Valencia, CA). 24 

3.3 Cell-Free Protein Synthesis 25 

Cell-free protein synthesis was performed using the standard PANOxSP system, with a few modifications45. 26 

The reaction mixture was as follows, with components obtained from Sigma-Aldrich unless otherwise 27 

specified: 25% v/v E. coli pEVOL pAzF extract,25% v/v 19-amino acid PANOxSP mixture (Glutamate was 28 

added separately as a salt with Mg in order to optimize the Mg content of the reaction), 18 mM Mg(Glu)2
, 29 
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12 nM plasmid purified with Qiagen Plasmid Maxi Kit, 5 uM C14 leucine (PerkinElmer), 3 mM AzF (Chem 30 

Impex International, Wood Dale, IL), and the remaining volume distilled deionized water. For synthesis of 31 

the N53AzF/Ins163AzF AzF variant, AzF was added at 6 mM in order to improve yields. The reactions 32 

were assembled under a safe-light and incubated in darkness in order to preserve the azide group, which 33 

decays upon exposure to UV or near-UV light45, 74, 80. Reactions were performed in 15 mL falcon tubes 34 

(GeneMate) at 300 – 400 uL volumes and incubated overnight (~15 hours in this work) at 30°C. Negative 35 

control reactions were performed in 50 uL volumes in 2 mL microcentrifuge tubes (GeneMate) for the same 36 

time at 30°C. Purified synthetase was not added as yields were sufficiently high with only the synthetase 37 

provided in the prepared pEVOL extract. Total protein synthesis yields were determined using liquid 38 

scintillation as discussed previously45, using 5% trichloroacetic acid for protein precipitation. Synthesis of 39 

full-length protein was verified by running 3 uL of the CFPS reaction on a NuPAGE 10% Bis-Tris Gel 40 

(Invitrogen, Carlsbad, CA). The gels were run according to manufacturer’s instructions, at 200V for 35 41 

minutes using MES buffer. After running, gels were stained with SimplyBlue SafeStain (Invitrogen), dried, 42 

and autoradiograms were performed using Kodak MR Autoradiogram Films with 2 day exposure time. 43 

Yields of full-length variants were determined from densitometry using ImageJ software81  to compare the 44 

relative band intensities to that of WT lysozyme and scale the yields accordingly to the WT yields. 45 

3.4 T4 Lysozyme Purification 46 

T4 Lyz was purified using Strep-Tactin Spin Columns (IBA Life Sciences, Gottingen, Germany) 47 

according to manufacturers’ specifications, with the following variations. To improve recovery, CFPS 48 

samples were run through the spin columns three times and columns were then washed 5 times with the 49 

provided Buffer W. T4 Lyz was then eluted according to the procedure specified for high concentration. 50 

Liquid scintillation was used to determine the concentration of the purified product. Using the total protein 51 

yields calculated from the scintillation of the CFPS reaction, the CPM/mg/mL was determined for each 52 

sample, which was then used to calculate the concentration of T4 Lyz variant in the purified samples. 53 

3.5 PEGylation Reactions 54 

Conjugation reactions were performed using strain-promoted azide-alkyne cycloaddition, or SPAAC. The 55 

number of PEG equivalents was optimized in order to obtain maximal conjugation with the minimal 56 

allowable PEG. The optimal PEG equivalents was determined to be 20 for 20kDa PEG and 50 for 5kDa 57 

PEG. Reactions were assembled similarly to protocols which have been described previously,82, 83 with the 58 

following specifications. In a PCR tube, 5 uM lysozyme was combined with 20 or 50 equivalents of 20kDa 59 
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or 5kDa DBCO-mPEG (Click Chemistry Tools, Scottsdale, AZ), respectively, in PBS buffer. PEG 60 

equivalents were doubled for the double amber suppression variant in order to obtain higher conjugation 61 

efficiency. The reactions were incubated at 37°C and 280 rpm for 18 hours. Although complete conjugation 62 

with SPAAC reactions has been reported with much shorter reaction times30, 83, an 18 hour reaction time 63 

was used in order to maximize conjugation at low-efficiency sites and thereby obtain more accurate stability 64 

and activity data for these lysozyme analogs. Control reactions were also assembled with WT T4 lysozyme, 65 

mimicking the conditions of the SPAAC reactions for both PEG sizes and unconjugated controls. These 66 

reactions provided a baseline to account for the effects of incubation time and unconjugated PEG time on 67 

the stability and activity of the lysozyme.  68 

3.6 PEGylation Efficiency Analysis 69 

To determine efficiency of each PEGylation reaction, a sample of each reaction was run on a NuPAGE 10% 70 

Bis-Tris Gel at 200V for 35 minutes using MES buffer. The gels were stained with SimplyBlue SafeStain 71 

(Invitrogen), dried, and used to produce an autoradiogram. Autoradiograms were done using Kodak MR 72 

Autoradiogram Film with a 2 day exposure. Using ImageJ, the relative intensities of the PEG-shifted bands 73 

and the un-shifted bands were calculated. The click efficiency was determined as the intensity of the PEG-74 

shifted band divided by the sum of the intensity of the un-shifted and shifted band(s) in the gel lane. 75 

PEGylation efficiencies were calculated from the autoradiogram in order to eliminate error from possible 76 

interference of PEG with staining. 77 

3.7 Stability Analysis 78 

3.7.1 Stability Assay 79 

Stability was analyzed by examining the shifts in the protein melting temperature, Tm. Melting temperatures 80 

were determined using the Protein Thermal Shift Assay (Thermo Fisher Scientific, Carlsbad, CA) and the 81 

corresponding Protein Thermal Shift Software, version 1.3. This assay uses a hydrophobic dye which 82 

fluoresces when it binds to the hydrophobic regions of the protein as they are exposed during melting. The 83 

protein is combined with the dye and gradually stepped through increasing temperatures in a real-time PCR 84 

machine, which monitors the change in florescence. The florescence curve is then used to determine the 85 

melting temperature. Melting temperatures were calculated using the derivative method in order to skewing 86 

of a Boltzmann fit by any remaining peak for the unconjugated protein. The derivative method identifies 87 

the Tm by computing a second-derivative to identify the inflection point of the fluorescence curve. 88 



 

Page 19 of 28 
 

The melt reactions were assembled according to the manufacturer’s instructions, with the following 89 

specificaitons: 5 uL Protein Thermal Shift Buffer, 7.5 uL PBS buffer, 5 uL click reaction, 2.5 uL Diluted 90 

Protein Thermal Shift Dye (8x) diluted with PBS buffer. Reactions were done in triplicate, assembled in 91 

a 96-well, semi-skirted Framestar Fast Plate (Midsci, St. Louis, MO) and covered with a MicroAmp 92 

Optical Adhesive Film (Applied Biosystems,Thermo Fisher Scientific). The assay was set up using 93 

StepOne Software v2.3, and run in a StepOnePlusTM Real-Time PCR System (Applied Biosystems). In 94 

order to obtain maximal resolution of the Tm, the assay was run using a standard ramp speed from a starting 95 

temperature of 25°C to 99°C. Analysis was done using the derivative method. Results are reported as a 96 

change from the average Tm of the corresponding WT reaction (no PEG, 5kDa PEG, or 20kDa PEG), 97 

ΔTm. For the simulation comparison, the experimental data is reported as a difference in Tm between a 98 

PEGylated T4 Lyz variant and the corresponding unconjugated variant, ΔTm,conj. 99 

3.7.2 Simulation-predicted Tm 100 

Coarse-grain simulations were performed using the Go-like model and replica-exchange algorithm which 101 

has been described previously.59, 67-69 In this coarse-grain model, each residue is approximated as a single 102 

site, centered at the location of the Cα atom of the residue in the crystal structure. The model input files were 103 

created using the MMTSB Web Service (mmtsb.org/webservices/gomodel.html)84, 85 based on the T4 Lyz 104 

structure from the Protein Data Bank (PDB ID: 2LZM). PEG monomers were approximated as single 105 

residues with a radius of 1.48 angstroms and a center-to-center distance of 3.7 angstroms, and the DBCO 106 

connecting group was approximated as a residue with a radius of 5.18 angstroms. These distances were 107 

obtained using a GaussView86 model of the SPAAC product and attached PEG chain. Bond energies were 108 

also obtained from GaussView.86 Other relevant parameters, including Lennard-Jones parameters, were 109 

chosen to resemble those of the peptide bonds within the protein. Additional details pertaining to the model 110 

form are included in the Supplementary Materials.  111 

PEG chains were added to the protein model extending linearly away from the attached site. The PEG chain 112 

was then allowed to equilibrate to a more realistic conformation in NVE MD equilibrium simulations with 113 

constraints in place to hold the protein in the properly folded conformation while the PEG polymer 114 

equilibrated. Results of these equilibration simulations were then used as starting points for replica exchange 115 

simulations where an additional unconstrained equilibrium phase ensured system equilibration before 116 

production steps were recorded. Replica exchange simulations were done in the NVT ensemble using three 117 

Nose-Hoover thermostats, a time step of 3 fs, and a mass of 7.81338x10-22 kg*angstroms2.  Each simulation 118 



 

Page 20 of 28 
 

contained 20 x 106 equilibration steps and 60 x 106 productions steps. Sixty-six boxes, with temperature 119 

steps of 1.5K between boxes in the 21K range surrounding the expected melting temperatures (345K – 366K 120 

for 5kDa conjguates, 327K – 348K for WT and 20kDa conjguates) and steps of 3K for the remaining range, 121 

were used for all simulations with a box size of 4000 x 4000 x 4000 angstroms. The replica exchange 122 

simulations were run 10 times for all cases except for K16 and S44 PEGylation models, which were run 20 123 

times due to slightly more scatter in the data. The results for all runs were averaged and the standard error 124 

reported. 125 

The average relative native contacts, representing the remaining interactions pertaining to the protein 126 

secondary and tertiary structure relative to the 100% folded states, was plotted versus temperature. This plot 127 

shows how the degree of protein folding decreases over temperature as the protein unfolds, and is analogous 128 

to the fluorescence versus temperature plot obtained from the experimental assay. To mimic the 129 

experimental analysis, the derivative of the relative native contacts was calculated numerically with respect 130 

to temperature using a central difference formula. The temperature at which the magnitude of this derivative 131 

was greatest was taken to be Tm, as it represents the point where the rate of change in the degree of protein 132 

folding is greatest, and corresponds with the point where the rate of increase in fluorescence is greatest. This 133 

point also corresponded with the maximum heat capacity value, which is expected as Tm is also often 134 

determined to be the temperature at which heat capacity is a maximum. The melting points calculated from 135 

simulation were then compared to the experimentally determined Tm. 136 

3.8 Activity Assay 137 

Activity of each lysozyme construct was determined via the EnzChek Lysozyme Assay Kit (Thermo Fisher 138 

Scientific). Reactions were performed according to the manufacturer’s instructions, with the following 139 

specifications and modifications. EnzChek buffer was not used, as it has been reported that T4 Lyz is less 140 

active at high ionic strengths.87 Unpurified PEGylated lysozyme from each SPAAC reaction was added to 141 

each reaction at a final lysozyme concentration of 0.06 uM. This lysozyme concentration was selected 142 

because it did not cause the activity assay to saturate and required less dilution than other suitable 143 

concentrations, which eliminated unnecessary error. In a black 96-well untreated polystyrene plate (VWR), 144 

1.2 uL of unpurified SPAAC reaction was added to 48.8 uL ddH2O and mixed thoroughly by pipetting. The 145 

1 mg/mL fluorogenic substrate was diluted 20x in ddH2O, and 50 uL was added to each well. The plate was 146 

then immediately placed into a plate reader (Synergy MX, BioTek) and incubated at 37°C. Fluorescence 147 

was monitored every 1.5 minutes for 2 hours (494nm/518nm). Activity was determined from the endpoint 148 
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fluorescence of each well and normalized to the endpoint activity of the corresponding WT reaction. Each 149 

sample was assayed in n=3+. Relative activity of each PEGylated lysozyme analog was calculated from the 150 

mixture activity data, assuming additive activities of the PEGylated and unPEGylated lysozyme. WT 151 

activity data for a set of assays was averaged, and then conjugate activity (ac) was calculated for each 152 

replicate according to Equations 1, where xc and xuc is the fraction of conjugated and unconjugated T4 Lyz, 153 

respectively, arxn is the activity of the reaction mixture, and auc is the activity of the unconjugated variant. 154 

The activity for di-PEGylated N53AzF/Ins163AzF (ac2) was calculated as shown in Equation 2, where the 155 

activity of mono-PEGylated N53AzF/Ins163AzF (ac1) is calculated as shown in Equation 3, where aN53AzF,c 156 

and aN53AzF,uc is the activity of conjugated and unconjugated N53AzF, respectively, with analogous activities 157 

for Ins163AzF and N53AzF/Ins163AzF. Calculated activities were then averaged over all replicates and 158 

over all sets of assays.  159 

𝑎௖ ൌ 1/𝑥௖ ∗ ሺ𝑎௥௫௡ െ 𝑥௨௖𝑎௨௖ሻ     (1) 160 

𝑎௖ଶ ൌ 1/𝑥௖ଶ ∗ ሺ𝑎௥௫௡ െ 𝑎௨௖𝑥௨௖ െ 𝑎௖ଵ𝑥௖ଵሻ    (2) 161 

𝑎௖ଵ ൌ 0.5 ൬
௔ಿఱయಲ೥ಷ,೎
௔ಿఱయಲ೥ಷ,ೠ೎

൅
௔಺೙ೞభలయಲ೥ಷ,೎
௔಺೙ೞభలయಲ೥ಷ,ೠ೎

൰ ∗ 𝑎ேହଷ஺௭ி/ூ௡௦ଵ଺ଷ஺௭ி,௨௖  (3) 162 
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