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Increasing sustainability in palaeoproteomics
by optimizing digestion times
for large-scale archaeological bone analyses

Louise Le Meillour,'® Virginie Sinet-Mathiot,”>® Ragnheidur Dilja Asmundsdattir,” Jakob Hansen,'#
Dorothea Mylopotamitaki,® Gaudry Troché,” Huan Xia,® Jorsua Herrera Bethencourt,” Karen Ruebens,®
Geoff M. Smith,” Zandra Fagernas,! and Frido Welker'.7*

SUMMARY

Palaeoproteomic analysis of skeletal proteomes is used to provide taxonomic identifications for an
increasing number of archaeological specimens. The success rate depends on a range of taphonomic fac-
tors and differences in the extraction protocols employed. By analyzing 12 archaeological bone specimens
from two archaeological sites, we demonstrate that reducing digestion duration from 18 to 3 hours has no
measurable impact on the obtained taxonomic identifications. Peptide marker recovery, COL1 sequence
coverage, or proteome complexity are also not significantly impacted. Although we observe minor differ-
ences in sequence coverage and glutamine deamidation, these are not consistent across our dataset. A
6-fold reduction in digestion time reduces electricity consumption, and therefore CO, emission inten-
sities. We furthermore demonstrate that working in 96-well plates further reduces electricity consump-
tion by 60%, in comparison to individual microtubes. Reducing digestion time therefore has no impact
on the taxonomic identifications, while reducing the environmental impact of palaeoproteomic projects.

INTRODUCTION

The climate crisis that our planet is currently facing requires action from all parts of society in an attempt to mitigate its effects.’ Simulta-
neously, the effect of climate change on the preservation of archaeological landscapes,” archaeological sites” and the recovery and pres-
ervation of individual heritage objects®” is becoming increasingly evident.'® Next to monitoring and predicting these effects, archaeological
research therefore also has a responsibility in trying to reduce its impact on the planetary ecosystems. One aspect through which archaeo-
logical investigation can directly contribute is via lowering the emissions associated with laboratory work. Such activities are both energy-
demanding and consume large quantities of single-use plastics. Even small adjustments to the way laboratories operate can significantly
reduce the environmental impact; for example, increasing the temperature of ultra-low temperature freezers from —80°C to —70°C signifi-
cantly reduces energy consumption'" without affecting the stability of a range of biological materials.'>'® Identifying and applying further
adjustments can, cumulatively, significantly reduce the environmental impact of laboratory work.

The analysis of proteins preserved in archaeological materials is a fast-growing field, allowing for the taxonomic identification of skeletal
remains' %3 2-2" and identifying dietary elements in past societies,”® "
amongst others. Approaches such as ZooMS (Zooarchaeology by Mass Spectrometry)®' and SPIN (Species by Proteome INvestigation
allow for high-throughput and medium-throughput processing, respectively, of a large number of bone specimens, even thousands of sam-
ples.** These large-scale proteomic investigations in particular are becoming a more routine part of (zoo)archaeological investigations. Due
to their scale, they consume significant amounts of plastics, chemicals and electricity, especially when compared to the relatively smaller num-
ber of archaeological specimens subjected to full proteome analysis.

Most palaeoproteomics studies are bottom-up approaches with enzymatic digestion of solubilized proteins using trypsin, which requires
heating to 37°C for optimal activity. Digestion is a critical step for the mass spectrometry analysis of proteins, but can be relatively time-
consuming. Although there is no complete consensus across the field, many palaeoproteomic protocols include an overnight trypsin
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Figure 1. Schematic of the staggered laboratory workflow to test the impact of the different digestion times

Subsequent to digestion, the digests were acidified and split in two halves — one for ZooMS analysis and one for SPIN analysis. Note that the time arrow indicates
real time, with all digestions terminated at the same time. As a result, subsequent steps such as peptide purification happened simultaneously for all three
digestion conditions.

h,?*3%32 sometimes under agitation (Table S1). However, studies of modern proteins have shown that an over-

digestion of approximately 18
night digestion with trypsin, compared to shorter digestion times, leads to lower amino acid coverage.® Interestingly, there is no quantitative
comparison on the relationship between trypsin digestion duration and the success of obtaining a taxonomic identification in high- and me-
dium-throughput palaeoproteomic applications. The ability to reduce digestion duration would enable single-day sample preparation for
ZooMS, enhancing throughput capacities even further. In addition, shorter digestion durations in high-throughput taxonomic identification
studies in particular would also significantly reduce the environmental impact of palaeoproteomics research.

In this study, we explore the effects of reducing trypsin digestion time on palaeoproteomics analysis of herbivore skeletal elements from
the Middle Pleistocene layers of Baishiya Karst Cave (China) and the Early Holocene layers of La Draga (Spain). Based on sedimentary and
chronological differences between both sites, as well as the inclusion of specimens from a terrestrial and a phreatic/aquatic environment
at La Draga, our specimens represent a range of preservation conditions. We compare digestion overnight (here defined as 18 h) to shorter
digestion times of 6 h and 3 h, using both a MALDI-ToF MS and a LC-MS/MS approach, and interrogate the resulting data in terms of obtained
taxonomic identifications, and proteome and protein degradation. If the taxonomic identifications are not negatively influenced by reducing
digestion duration, this would favor reducing digestion durations in future palaeoproteomic studies in case taxonomic identification is the
main purpose of the analysis, in order to minimize laboratory CO, emissions and their subsequentimpact on global environmental conditions.

RESULTS

Twelve bone specimens were selected from two archaeological sites, La Draga (hereafter LD, Spain) and Baishiya Karst Cave (hereafter BKC,
China; see STAR Methods section, Table S2). These sites were chosen because they cover a range of preservation environments and different
chronologies. Each specimen selected contained cortical tissue, which was sampled for proteomic analysis. All of the sampled bones had
prior taxonomic information, either obtained with ZooMS or through comparative anatomy. Including our proteomic observations, eleven
specimens represent Bos sp./Bison sp. and one specimen is identified as a cervid (most likely as Cervus elaphus).

Preserved proteins from the twelve specimens were extracted using published protocols and sub-sampled for comparing three different
digestion duration: 3, 6 and 18 h (for more detailed information, see STAR Methods section, Figure 1).

Reducing digestion duration has no effect on ZooMS and SPIN taxonomic identifications

Amongst the twelve samples analyzed in this paper, all allowed for taxonomic identification, regardless of the site (BKC or LD) and digestion
duration (18, 6, and 3 h) through ZooMS. One sample from LD, namely specimen LD_02, showed peptide markers of Cervidae with ZooMS.
This sample can be attributed to Cervus elaphus (red deer), while Alces alces (elk), Dama sp. (fallow deer), and Saiga sp. or Megaloceros
giganteus (giant deer) can be excluded based on our knowledge of the fauna in this region and period. All other eleven samples were consis-
tently identified as Bos sp./Bison sp. (Figure 2). Therefore, MALDI-ToF MS analysis allowed for the same level of ZooMS taxonomic identifi-
cations regardless of the digestion duration.

Comparatively, SPIN performed more heterogeneously across sites and digestion durations (Figure 2). SPIN assigned specimen LD_02 to
Cervidae as well in all digestion durations, consistent with the observations made with ZooMS. A further 20 extracts were assigned to Bos sp./
Bison sp., consistent with the identifications provided by ZooMS. Although the SPIN taxonomic identification (the “Species” output field) is, in
part, driven by the FineSpecies assignment, the BestMatch feature ranks Bos mutus (wild yak) beyond attribution to other Bovinae for six ex-
tracts deriving from four different bone specimens (Table S3). These four bone specimens all derive from BKC, making this assignment both
likely as well as ecologically and climatically relevant.*® Six extracts were exclusively assigned to the genus Bos sp., all from LD, including all
three extracts from specimen LD_01. These taxonomic attributions are beyond what is possible with ZooMS. Interestingly, using the SPIN
workflow five extracts were not assigned a taxonomic identification (twice for a 3 h digest, twice for a 6 h digest, and once for an 18 h digest).
Moreover, two digests were assigned to a taxonomic group that, in addition to the genera Bos sp. and Bison sp. also included Bubalus sp.
(Figure 2; Table S3). Given that the non-successful identifications are not specific to shorter or longer digestion durations, we conclude that
digestion duration is not influencing the success of the SPIN taxonomic identifications.
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Figure 2. ZooMS and SPIN taxonomic identifications across the three digestion times
Specimen numbers shown in the first block are consistent across blocks and taxonomic identification methods (ZooMS analysis based on MALDI-ToF MS data
acquisition and SPIN analysis based on LC-MS/MS data acquisition).

Effects on data quality for taxonomic identifications (ZooMS and SPIN) is negligible

Overall, both ZooMS and SPIN analyses presented well-preserved collagen type | sequences in at least one extract of every specimen
analyzed. We observe a minimum of seven and a maximum of nine peptide markers observed for ZooMS (Figure 3). For SPIN, the minimum
amino acid positions assigned to a positive identification was 596. At La Draga, some extracts recovered close to 2,000 amino acid positions,
including up to 400 amino acid positions deriving from non-collagenous proteins, among the 20 proteins considered within the SPIN analysis
(Figure 3). We observe some differences between the archaeological contexts considered (BKC, LD Sector A and LD Sector B) in terms of the
SPIN amino acid counts and the ZooMS peptide marker counts recovered. In reference to the ZooMS nomenclature,*® we note the absence of
peptide marker a2 454 within all three conditions (absent in 83% of the spectra for the 3 h trypsin digestion, 58% for the 6 h trypsin digestion
and 66% for the 18 h trypsin digestion; Table S4). We also note the absence of peptide marker a2 502 in LD_01 (6 h) and peptide marker a2 978
in samples BKC_12 (3 h) and BKC_12 (6 h). The absence of these peptide markers does not influence the taxonomic assignment of the sam-
ples, and the reduction of the trypsin digestion duration is not associated with a statistically significant difference in the number of identified
peptide markers (Kruskal Wallis test, n.s. for both sites).

Furthermore, the mean number of monoisotopic peaks, retrieved from the MALDI-ToF MS data were calculated across samples for each
digestion duration (Figure S1). The number of peaks is not significantly affected by digestion duration, but rather by the archaeological
context (ANOVA type II: F = 16.17, p = 0.01). Additionally, the intensities (Figure S2) across all the monoisotopic peaks detected in our
MALDI-ToF MS data were significantly different across digestion durations (ANOVA type II: F = 4.54, p = 0.018). Intensities are generally
higher at the digestion duration of 18 h compared to 6 h and 3 h within all sites. When considering the three main peptides (a1 508, a2
484 and a2 793) from each extract obtained through MALDI-ToF MS, signal-to-noise ratios appear to vary between digestion durations,
but are only statistically significant for peptide a2 484 (ANOVA type II: F = 4.19, p = 0.024; Figure S3). A similar pattern is noticeable for
the absolute peak intensity, with the digestion duration being a factor variable but only significantly in the case of a2 793 (ANOVA type |I:
F=3.45,p =0.044; Figure S4). Therefore, it appears that although there are differences in absolute intensities and signal-to-noise ratios, these
are heterogeneous and have not influenced taxonomic specificity of the obtained ZooMS identification in a negative manner.

In addition to the quality of our MALDI-ToF MS spectra, we calculated a range of measures for the SPIN analysis of each extract (Table S5).
We generally observe comparable numbers of acquired and identified MS2 scans across digestion durations (ANOVA type II: n.s. and ANOVA
type llI: n.s., respectively; Figure S5), although rates of identified MS2 spectra might be slightly higher for 3 h digestion durations, while the
number of MS2 scans acquired might be slightly higher, on average, for 18 h durations. Importantly, the number of proteins identified in total
(ANOVA type lll; n.s.), as well as separately for collagenous (ANOVA type lll; n.s.) and non-collagenous proteins (hereafter, NCPs, ANOVA
type lI; n.s.), remains consistent across digestion durations (Figure S6). However, in the context of the SPIN protein sequence database we
find that digestion duration does not significantly affect the number of recovered sites (ANOVA type IlI: n.s.), with the highest number being
recovered through 18 h digestion duration for LD and 6 h digestion duration for BKC (Figure Sé). NCPs were generated for several LD spec-
imens for all digestion times, but only for one 3 h digested BKC specimen. The maximum number of collagen proteins identified in our SPIN
LC-MS/MS data was 12 (out of 12 possible), regardless of the digestion duration considered (ANOVA type lI: n.s.; Figure S4B). Even though
samples of 3 h digestion generated the highest number of collagen proteins in the LD samples, we obtained the lowest number for BKC using
this digestion duration.

Without taking the presence and placement of potential PTMs into account, the number of unique amino acid sequences was comparable
for specimens recovered within archaeological contexts, regardless of the digestion duration (ANOVA type llI: n.s., Figure S7B). We recovered
the highest number of unique peptides in the 18 h digestion samples of LD and in the 6 h digested samples of BKC (Figure S7B). The same
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Figure 3. Peptide markers obtained for ZooMS compared to site counts obtained for SPIN
Points without fill represent extracts where SPIN did not provide a taxonomic identification (NA).

pattern is observed for the amino acid sequence coverage of NCPs. Here, only one BKC specimen processed (extract 08_3h) generated a
number of NCP site counts for a single protein, while for LD there were no significant differences in NCP site counts between digestion du-
rations (ANOVA type II: n.s.; Figures S6C and S7D). For collagens, the 18 h digestion duration generated the highest number of site counts;
however, there were no significant differences among the different digestion times (ANOVA type lll: n.s.; Figure S7C). Furthermore, we
observe that roughly 75% of the identified peptides have no missed cleavages internally, regardless of digestion duration (Figure S8). Based
on these observations of obtained site counts and their distribution across the 20 proteins considered in SPIN analysis, there appears to be no
consistent relationship between any of these measures and digestion duration.

The preceding has shown that some statistical comparisons are significantly different between digestion durations within an archaeolog-
ical context, but that the absolute differences are never large. Moreover, significant differences in one parameter at one archaeological
context are never replicated with the same effect in another archaeological context. Therefore, digestion duration appears to have little effect
on the ability of ZooMS and SPIN to assign taxonomic identities to extracts of Holocene and Pleistocene skeletal proteomes.

Proteome composition is largely influenced by archaeological contexts

The data search conducted against the whole reference proteome of Bos taurus allowed for the identification of 42 different protein groups
(after filtering for potential contaminants). These proteins overlap in part with those identified through the SPIN-specific database search, and
include a range of collagens as well as NCPs. All these proteins have been identified in skeletal proteomes before. Collagenous and non-
collagenous proteins (NCPs) were identified from both sites for all three digestion durations. The number of proteins, both collagenous
and NCPs, increases or remains similar between the different digestion durations (Figure 4A). One exception lies in the number of NCPs pre-
sent in the BKC samples, where the average number of these proteins varies from 1.5 for 3 h, to 2.5 for 6 h, and to 1.4 for 18 h. No significant
effect on the number of collagenous or non-collagenous proteins identified was observed (ANOVA type llI: n.s.) in relation to digestion dura-
tion or archaeological context. The near-absence of NCPs in the Baishiya Karst Cave specimens is consistent with the previous observation
that surviving proteomes at the site are almost completely composed of collagenous proteins.*’

When taking into account the entire Bos proteome, no significant difference was observed relating to the effect of digestion duration on
the number of peptides identified (ANOVA type Il: n.s.; Figure 4B). This is consistent with our observations for the SPIN data analysis reported
above. In contrast, the estimated number of amino acids covered, i.e., the number of uniquely identified amino acid positions for a protein
group, seems to increase with longer digestion time (Figures 4C, S9, and S10). In terms of absolute protein sequence coverage, there might
therefore be an advantage to digest for longer periods of time. Our SPIN data analysis indicates this will not necessarily improve taxonomic
assignments, however, as demonstrated above, there is no significant relationship between the NCP site count or collagens site count recov-
ered through SPIN data analysis (Figure S7). It would therefore seem that the additional protein sequence coverage obtained through longer
digestion durations does not significantly impact the taxonomic assignment of such proteomes.
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Figure 4. Characteristics of the full proteomes

(A) Number of identified proteins (separated into collagens and NCPs), (B) Number of recovered peptides, (C) Mean amino acid coverage per protein across
samples. Note that sequence coverage is expressed as a mean percentage in comparison to the full length of the proteomic entry in UniProt, not the length
of the mature and secreted protein.

For the LD samples, the estimated number of amino acids covered for individual proteins ranges from 8 to 803 for 3 h, 8to 728 for 6 h, and 8
to 810 for 18 h digestion (Figure S9). For the BKC samples, the same estimates range from 8 to 566 for 3 h, 8 to 699 for 6 h, and 8 to 768 for 18 h
digestion (Figure S10). No significant relationship was detected between the estimated number of amino acids covered and the digestion
duration (ANOVA type llI: n.s.). However, a significant relationship between the archaeological context of the specimens and the estimated
number of amino acids covered was present (ANOVA type Ill: F = 8.98, p < 0.001).

The archaeological contexts from which our 12 specimens derive vary in terms of chronological age (BKC versus LD) and sedimentary en-
vironments, with La Draga specimens deriving either from Sector A, which represents a terrestrial environment, or Sector B, which represents a
more phreatic or aquatic environment. Unsurprisingly, we therefore observe more protein groups in the three digestion durations for the LD
samples compared to the BKC samples (Figure 4A). We further determine no significant differences in proteome composition when
comparing the numbers of collagenous and non-collagenous proteins (ANOVA type IlI: n.s.) to digestion duration or archaeological context
of specimens for our full Bos proteome analysis.

Contamination and proteome degradation

To assess any potential contamination by non-endogenous peptides, we extracted laboratory blanks alongside the samples. In the MALDI-
ToF MS spectra, these remained empty of collagenous peptides, excluding the possibility of considerable laboratory contamination. In the
SPIN analysis, we observe some collagen peptides (site counts ranging between 12 and 228 for collagens) in the extraction blanks, which is the
primary reason why some archaeological samples were not assigned a taxonomic identity. In addition, we observe three peptides resulting
from trypsin autolysis within the MALDI-ToF MS blank spectra (Table S6) and note higher absolute intensities of their peptide peaks and
higher signal-to-noise ratios in the case of a 3 h enzymatic digestion of the blanks when compared to 6 h and 18 h digests. This is consistent
with our observation that 3 h digests are nearly entirely composed of trypsin in the blanks, while longer digestion durations have slightly lower
relative protease ratios (Figure S11). Based on these observations, we determine that both our MALDI-ToF MS and LC-MS/MS data results
and assigned taxonomic identities are not influenced by protein contamination.

iScience 27, 109432, April 19, 2024 5
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(A) Deamidation, where 0% indicates no deamidation and 100% full deamidation of the proteome, with filled bars representing deamidation of N and non-filled
bars representing deamidation of Q, (B) Deamidation of the COL1a1 508-519 peptide, with 0 indicating full deamidation and 1 indicating no deamidation of the

relevant glutamine (Q), (C) Cleavage specificity, (D) Peptide length, weighted by intensity. Panels (A), (C), and (D) are based on the full Bos taurus proteome data,
whereas (B) is based on the ZooMS data.

In addition, we determine elevated ratios of protein degradation as the result of diagenetic processes. Deamidation rates of asparagine
(N) and glutamine (Q) are complex and can depend on various factors including pH, temperature, the characteristics and structure of the pro-
tein, but also the choice of methods for sample preparation.*® Generally, under physiological conditions, asparagine deamidation tends to
occur at a faster rate compared to glutamine deamidation.?” Observations made on the rate of glutamine and asparagine deamidation in
previous palaeoproteomic studies has shown that, in general, glutamine has a lower extent of deamidation compared to asparagine within
the same specimen.*"’

Both MALDI-ToF MS and LC-MS/MS datasets reveal significant differences in deamidation between glutamine and asparagine deamida-
tion, estimated by considering the percentage of glutamine and asparagine deamidation within the (full) proteome in the case of LC-MS/MS
analysis and through the glutamine deamidation of the peptide marker COL1a.1 508-519 in the context of MALDI-ToF MS analysis. Overall, we
observe a more extreme deamidation for BKC compared to LD (Figures 5A and 5B; asparagine; ANOVA type lII: F = 16.51, p < 0.001; Fig-
ure 5A). Our full proteome analysis reveals that asparagine deamidation is only affected by the archaeological context and not by digestion
time, while glutamine deamidation is influenced by both archaeological context and digestion time (glutamine; ANOVA type Ill: F = 3.27,
p = 0.036; Figure 5A). Specifically for glutamine, our dataset suggests that shorter digestion times result in lower extents of glutamine dea-
midation (Figure 5A). In the deamidation ratios obtained for one peptide observed in our MALDI-ToF MS dataset, COLTa1 508-519, we like-
wise find significant differences in deamidation between our three preservation contexts (ANOVA type II: F = 144.83, p < 0.001). In this case,
however, there appears to be no significant influence of digestion duration on the glutamine deamidation value obtained for the single amino
acid that can deamidate in this peptide (ANOVA type II: n.s.).
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In addition to glutamine and asparagine deamidation, we looked at the prevalence of semitryptic versus tryptic peptides (Figure 5C) and
the peptides length (Figure 5D). For cleavage specificity, we observe that the total intensity of both semitryptic and tryptic peptides is not
affected by digestion duration, but that the observed values for both are dependent on the archaeological context (ANOVA type Il
F=8.43,p=0.001and F=6.15, p = 0.006, respectively; Figure 5C). In contrast, mean peptide length, weighted by the intensity of the peptide,
differs significantly between archaeological sites (ANOVA type II: F = 30.32, p < 0.001) and digestion durations (ANOVA type II: F = 5.97,
p = 0.007). A significant interaction between the two factors is present (ANOVA type II: F = 10.13, p < 0.001). This is particularly noticeable
in the BKC extracts, where a shorter digestion duration results in longer peptide lengths (Figure 5D).

The archaeological context from which our 12 bone specimens derive is therefore the primary driver of differences in proteome compo-
sition and its modification, regardless of the duration of trypsin digestion. The exception to this is glutamine deamidation, where some gluta-
mine sites might be prone to deamidate in the case of longer digestion durations, and peptide lengths, weighted by intensity, where shorter
digestion durations might result in a larger proportion of longer peptides. As the latter is observed for the BKC proteomes that are largely
composed of collagen, this observation might be particularly noteworthy for phylogenetic studies of skeletal proteomes dominated by this
protein group. However, as both our SPIN data analysis and the estimated amino acid coverage for the Bos proteome search indicated, there
is no difference in taxonomic identification of these extracts.

The environmental impact of palaeoproteomics can be significantly reduced

Electricity consumption and its emission intensity can be reduced by a factor of 6 when decreasing digestion time from 18 h to 3 h (Figure 6;
Table S7). In doing so, itis possible to decrease the gCO,eq per extract from 3.79 + 2.41 SD t0 0.66 + 0.40 SD for tubes, and from 1.69 + 2.38
SD t0 0.28 + 0.40 SD for plates based on the carbon intensities from countries included in this study. In changing from microtubes to 96-well
plates, itis further possible to decrease gCO,eq per extract by 62.85% at 18 h and by 70.15% at 3 h digestion duration. Additionally, it is worth
mentioning the large difference in gCO,eq emissions between countries, further impacting the relative gCO.eq emission. The gCOzeq
emitted per kWh consumed differs by geographic region, here country averages are used, depending on the energy sources used within
that region to generate electricity. As a result, geographic regions where energy is largely derived from low-carbon resources such as
wind, solar, or nuclear energy, will be associated with lower gCOeq per kWh of electricity consumed compared to geographic regions where
high-carbon resources, such as coal and gas, contribute most to the generated electricity.”” Therefore, by changing from microtubes to
96-well plates, decreasing the digestion time from 18 h to 3 h, and depending on the country of analysis, gCOeq emissions can be decreased
significantly (linear model, F = 8.31 + 18, p < 0.001).

Samples per plate Samples per tube
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Figure 6. Carbon dioxide emission in grams per digestion, for the three different digestion durations performed using either individual microtubes or
96-well plates
Error bars are +2 SD. Australia: AU, Brazil: BR, Germany: DE, Denmark: DK, France: FR, Japan: JP, USA: US and South Africa: ZA.
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DISCUSSION

Academia can address the current questions around sustainable practices and the global climate crisis through offering solutions applicable
to society and/or by changing its own practices.”” Although the impact of individual researchers or fields of research might appear minimal on
a global scale, even small adjustments to the way laboratories operate can significantly reduce the environmental impact of their research
locally.* For example, an approach that has recently gained attention is increasing the temperature of many ultra-low temperature freezers
from —80°C to —70°C. This temperature change significantly reduces energy consumption,'' and thereby both costs as well as emissions,
without affecting the stability of a range of biological materials.'”"* Calls of action toward self-reflection and incentivizing sustainable aca-
demic practices, including laboratory practices, have existed for a long time, but these have generally been slow to be implemented.*?

In this context, we observe that over the past two decades an increasing number of archaeological and paleontological skeletal specimens
are studied through protein mass spectrometry methods. The largest proportion of these specimens are analyzed through ZooMS or SPIN,
with the sole purpose of providing a taxonomic identification.*”"”*° Cumulatively, therefore, it can be expected that it is the extraction of
these thousands, if not tens of thousands, of bone proteomes that utilize the most electricity during the protein extraction process.

As with many extraction protocols, interventions could be made at several protocol steps in order to minimize electricity consumption, or
reduce consumption of chemical and plastic consumables. Trypsin digestion duration at 37°C is one such aspect, being the longest step in
many published protocol descriptions (Table S1). Although previous proteomic studies have indicated that digestion duration can have an
impact on proteome composition, and protein sequence coverage, comparative studies on this aspect have so far been absent in

palaeoproteomics.®">'=>?

Implications of reducing digestion duration on the level of taxonomic identification

The results presented above indicate that reducing digestion duration in palaeoproteomics protocols has no significant effect on our ability to
provide a taxonomic identification of an archaeological specimen, at least in the context of ZooMS or SPIN analysis. The reduction of the
digestion duration provides analyzable MALDI-ToF MS spectra and allows the retrieval of peptide markers across the m/z range taken
into account for ZooMS, allowing the taxonomic identification of the samples at the expected resolution. Similarly, for the same extracts, use-
ful LC-MS/MS datasets can be obtained. There is a correct correlation between taxonomic identities previously obtained and the ones pre-
sented in this study, except for one specimen, which was re-attributed to Cervidae based on ZooMS and SPIN taxonomic attributions. Taking
into account the bio-chronological context of the specimen and relevant species present in Holocene Iberia allowed specimen LD_02 to be
identified as a red deer (Cervus elaphus).

Whenever taxonomic identities were assigned in both ZooMS and SPIN analysis, the two approaches provide compatible identifications.
As in a previous study, we observe that SPIN in some cases provides taxonomic identifications beyond the limits present in ZooMS.* In the
current case, this is visible as the identification of some specimens to the genus Bos specifically, excluding the possibility of an attribution to
Bison. Surprisingly, though, we also observe several cases where the SPIN identifications are less precise than the ones provided by ZooMS,
and extracts that do not result in an identification at all (Figure 2). As such less-specific taxonomic identifications are not more prevalentin one
digestion duration compared to another, we conclude that digestion duration has no impact on the achieved taxonomic identifications for
ZooMS or SPIN.

Interestingly, we were unable to identify a significant impact of digestion duration on many of the parameters we tested. This appears true
for proteome composition and peptide numbers identified which are relevant aspects when attempting a taxonomic classification. We deter-
mined that deamidation of some glutamine amino acid sites might be less advanced when digesting for shorter durations, especially when
observed through LC-MS/MS analysis, but were unable to observe this in our ZooMS dataset. The quantification of diagenetic post-transla-
tional modifications, such as deamidation, is becoming an important aspect of palaeoproteomic studies, especially in the context of deter-
mining and controlling for the presence of exogenous contaminants.””>*>> We therefore argue that researchers should standardize, and
report, the trypsin type, concentration, and digestion duration they use in their study, especially when making comparative claims in regards
to other studies.

Effects of digestion duration on lab-based experiment energy consumption

The reduction of the digestion duration allows for a considerable reduction of the electricity consumption and therefore of the emission in-
tensity. Furthermore, per-extract emissions can be reduced even further when working in 96-well plates in comparison to microtubes. Consid-
ering that reducing digestion duration 6-fold has no negative impact on the achieved taxonomic identifications, this further reduction in emis-
sions would be associated with increased sample throughput and shorter laboratory processing times overall. Further work should quantify
whether this positive benefit of 96-well plates, in comparison to microtubes, is in part offset by increased plastics production costs. Both the
implementation of a reduced digestion duration as well as a switch to working in 96-well plates are easy to set up in most biomolecular lab-
oratories used for palaeoproteomic studies, and our observations could therefore have widespread positive benefits for the emissions pro-
duced by the palaeoproteomics research field.

Future prospects for increasing sustainability in the field of ancient protein analysis

We focused our study on a single step, protein digestion, in the common ZooMS and SPIN workflows where the taxonomic identifica-
tion of the resulting skeletal proteome is the primary research objective. This step does not exist in isolation. Future research on
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increasing the sustainability of palaeoproteomic research can, and maybe should, consider aspects related to the logistics around spec-
imen and peptide extract transportation, emissions associated with the use of disposable plastics, the location (Figure 6), and the type
of mass spectrometry instrumentation used. It can be expected that mass spectrometry instrumentation, for example, produces signif-
icantly larger emission intensities compared to protein digestion. However, some of these aspects such as minimizing the emission in-
tensities of protein mass spectrometry instrumentation might be outside of the control of many practitioners in the field, while sample
preparation, including protein extraction, digestion, and purification, generally is within the control of people performing these types of
protein extractions. There should be further opportunities to decrease the emission intensity associated with large-scale palaeoproteo-
mics research within our laboratories, for example around the use of plastics, chemicals, and other disposable consumables, or the
simplification of extraction steps®, in line with current developments of sustainable, efficient, and economically viable practices in mo-
lecular laboratories® ™7
itage objects.'®

The exploration of sustainable practices should be guided by the understanding that the data quality in relation to the research ob-

and the realization that climate change negatively impacts archaeological landscapes, sites, and cultural her-

jectives should not be negatively impacted. In our study, we observe that taxonomic identifications do not become less precise at shorter
digestion durations, and that many quality parameters show no relationship with digestion duration either. Simultaneously, we observe
that overall protein sequence coverage across the entire proteomes decreases slightly at shorter digestion durations. Therefore,
to further optimize the digestion duration of taxonomic studies in palaeoproteomics, we call for researchers to consistently report
the duration, temperature, catalog number, and supplier of any protease used (Table S1). In addition, we note that alternative trypsin
proteases exist that are claimed to enhance digestion efficiency in association with shorter digestion durations. Although
these products have not been widely used in the palaeoproteomics field, and would require benchmarking against commonly used pro-
teases before general adoption, they may provide an adequate solution to retain absolute sequence coverage at short digestion
durations. %"

We set out to determine whether trypsin digestion duration can be significantly reduced in high-throughput palaeoproteomic studies,
when the ultimate aim is the taxonomic identification of a skeletal proteome. We find that reducing digestion duration from 18 to 3 h
does not negatively affect the success rate of obtaining a taxonomic identification, a conclusion that appears valid for both ZooMS
(MALDI-ToF MS) and SPIN (LC-MS/MS) datasets generated from the same extracts. We replicate previous findings that SPIN enables
more precise identifications compared to ZooMS in some cases, but also find that in other cases SPIN analysis was not able to assign any
taxonomic identity, a result absent from our ZooMS dataset.

We determine that electricity consumption and emission intensity can be significantly reduced when switching to 3 h digestion du-
rations, resulting in a 6-fold reduction in emission intensity, while switching to working in 96-well plates instead of microtubes reduces
emission intensity by a further 60%. A shorter digestion duration also enables ZooMS and SPIN extraction workflows to be performed in
one or two days, instead of the current two or three days, depending on the protocol used. In addition to the benefits that this
approach has for global environmental wellbeing, our findings therefore also have positive implications for laboratory efficiency. If
the digestion time can be adapted so that the extraction protocol fits within a single working day, the wellbeing of laboratory workers
will also be improved through an easier scheduling of laboratory sessions and time management within a working week. We thus argue
that digestion duration should be significantly reduced in palaeoproteomics analyses when taxonomic identification is the main purpose
of the analysis.

Finally, our analysis demonstrates that sustainable practices can have a positive effect on the emission intensities associated with ancient
molecular research. We envision that further steps can be taken to further improve sustainable practices along the process from experimental
design to publication, such as those associated with the use of single-use plastics, or those associated with the use of analytical instrumen-
tation, without negatively impacting data quality. Given the growth of ancient molecular analysis over the past decades, we encourage our
colleagues to find ways of reducing emission intensities associated with these activities, particularly considering the increasing evidence that
climate change is negatively impacting archaeological heritage.

Limitations of the study

The experimental design is representative of the variability of palaeoproteomics projects that are conducted worldwide: two different archae-
ological sites, with different chronologies and various sedimentary context; three digestion durations; two different mass spectrometers and
approaches to data analysis; and includes countries where this type of research is conducted into the electricity consumption measurement
and comparison.

However, we acknowledge that many more parameters may affect the results. For example, only two archaeological sites are represented,
and the archaeological (or paleontological) context from which the analyzed specimens originate might greatly influence protein retrieval,
their diversity and diagenetic stage. Another parameter is the digestion duration: only three options were compared here, but further in-
creases or decreases in duration may affect the results. We did not further monitor electricity consumption of the instruments used in our
analysis (mass spectrometers), but acknowledge that this should count, to a large extent, in electricity consumption. The country in which
we performed the analyses might also represent an important bias, both in terms of electricity production, consumption and subsequent
CO2 emissions. Overall, this study is a first attempt at monitoring and evaluating electricity consumption and CO2 emissions of a specific
aspect of palaeoproteomics analyses. We therefore show that the digestion step of most ancient protein analyses protocols could be reduced
without significantly affecting the results of such studies.
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Lanzhou University

8; 2; 21/CGG_1_025259; 36;42; 69/CGG_1_025265
B437; B442; B904; B912; B1009; B1122

Chemicals, peptides, and recombinant proteins

Hydrochloric acid Sigma Aldrich Cat#258148

Ammonium bicarbonate Sigma Aldrich Cat#A6141

Trypsin Promega Cat#V5111

Trifluoroacetic acid Sigma Aldrich Cat#302031

a-Cyano-4-hydroxycinnamic acid matrix solution Sigma Aldrich Cat#70990

Proteomix Peptide calibration mix4 LaserBiolLabs C104

Acetonitrile Sigma Aldrich Cat#271004

Formic Acid Sigma Aldrich Cat#F0507

Deposited data

Raw MALDI spectra (.msd format) and code This paper Zenodo: https://doi.org/10.5281/zenodo.8290650
used for generating processed data

Raw LC-MS/MS data and processed This paper ProteomeXchange identifier: PXD045027

data associated

Original code used for data processing This paper Dryad: https://doi.org/10.5061/dryad.cz8w9gj8j

and visualization

Software and algorithms

mMass Strohalm et al. 2008%% https://doi.org/10.1002/rcm.3444
MaxQuant Tyanova et al. 2016°° https://doi.org/10.1038/nprot.2016.136
R CRAN https://cran.r-project.org

Other

Power Monitor for electricity measurement Cowell PMBO1

5800 MALDI-ToF spectrometer AB Sciex 01701

Evosep One Evosep N/A

Exploris 480 Thermo Fisher Scientific N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. F. Welker,
Associate Prof., Globe Institute, University of Copenhagen, Denmark, (frido.welker@sund.ku.dk).

Materials availability

Archaeological specimens used for this study have been returned to their curatorial facilities.

Data and code availability

Raw and processed LC-MS/MS data have been deposited on ProteomeXchange via the PRIDE partner repository and are available as of date
of publication. Identifier of the dataset is listed in the key resources table. MALDI-ToF MS data used for the ZooMS analysis, along with the
code used for merging replicates into single spectra used for manual visual inspection is listed in the key resources table.

All original code has been deposited on Zenodo and Dryad and is publicly available as of the date of publication. DOls are listed in the key

resources table.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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METHOD DETAILS

Sample selection

To ensure our observations are consistent among preservation conditions and chronological ages, we sampled bone specimens from two
archaeological sites, one Holocene and one Middle Pleistocene, and a total of three different preservational environments, a cave environ-
ment, a phreatic environment, and a terrestrial environment. Furthermore, we sampled a single bone tissue, cortical bone, to avoid any
possible influence of sampling different bone tissues. Finally, we sampled specimens from a restricted taxonomic diversity to simplify subse-
quent data analysis, especially for the shotgun proteomics. Finally, although our MALDI-ToF MS analysis is conducted on a comparatively
small number of bone specimens, 12, this allowed us to analyze all the exact same extracts using shotgun proteomic methods, providing
deeper insights into proteome composition and peptide and amino acid modifications, that would not be observable using MALDI-ToF
MS data alone.

Baishiya Karst Cave

Baishiya Karst Cave is a Paleolithic site located in the northeast Tibetan Plateau, in China (35.449°N, 102.571°E, 3280 m a.s.l.). It is currently the
only known site in East Asia with both Denisovan fossil remains® and sedimentary Denisovan mitochondrial DNA. The six bone specimens
included in this paper were collected from Layer 10 of two connected excavation units (T2 and T3). These specimens had, prior to selection,
been taxonomically identified to either Bos sp. or Bison sp. through ZooMS. According to a previous chronological study, > the age range of
Layer 10 of unit T2 is from 224.8 to 109k years before present (BP), and the specimens thus most likely belong to the late Middle Pleistocene.

La Draga

La Draga is an Early Neolithic (7250-6750 years cal. BP) open air site located in Banyoles, Spain (42.125°N, 2.759°E, 170 m.a.s..%%). The site is
known for its remarkable preservation and abundance of objects made of, among others, bone, wood, and marble, as well as basketry, plant
material, and other non-worked organic materials.®> The excellent visual preservation is most likely due to the neighboring lake creating fa-
vourable anaerobic conditions for the archaeological site within and adjacent to the lake. This, however, is not the case for the upper levels
(which are completely aquatic) and terrestrial inland areas of the site. As aresult, the site is divided in a terrestrial area, Sector A, and a phreatic
or aquatic preservation area, Sector B, C, and D.%° We sampled three humeri each from sectors A and B to capture this variation in preser-
vational environments in our study design. All selected specimens were previously morphologically identified as Bos sp., with one specimen
re-assigned to Cervidae based on our ZooMS and SPIN results.

Bone proteome extraction

Bone powder of approximately 30 mg per specimen was obtained by breaking a bone chip, which was subsequently powdered using a mortar
and pestle. Each sample was thereafter split into three different microtubes, of approximately 10 mg each (ProteinLoBind, Eppendorf) for the
three digestion time slots of 18, 6, and 3 h (Figure 1). The sample weight was recorded for each sample individually (mean of all specimens =
10.12 + 3.01 mg standard deviation SD; mean for LD = 12.45 + 1.58 mg SD; mean for BKC = 7.78 + 1.86 mg SD). Instruments were cleaned in
between each sampling event using 2% Hellmanex IIl and 70% ethanol, consecutively. Sample extractions were performed in accordance with
a set time schedule to prevent any unnecessary freezing and fridge storage of samples after digestion, regardless of the duration of the latter
(Figure 1). The following results should therefore not be compounded by differences in fridge or freezer storage time between the three
digestion conditions.

Samples were then processed according to the ZooMS protocol after Buckley et al.>" and Welker et al.*’Samples were demineralised in
0.6 M hydrochloric acid (HCI) for 24 h. The HCl supernatant was then removed and samples were rinsed thrice in 100 uL ammonium bicarbon-
ate (50 mM, NH4HCOj3, hereafter AmBic, pH 8.0), for subsequent gelatinisation in a final volume of 100 L AmBic for 1 h at 65°C. Following
gelatinisation, the 100 uL AmBic solution was transferred to a new microtube, to which 0.8 pg trypsin (Promega, #V115A) was added for in-
cubation at 37°C, with mild agitation at 300 rom (VWR, Thermal Shake lite). Digestion occurred for either 3, 6, or 18 h. To stop trypsin diges-
tion, 2 ulL of 5% trifluoroacetic acid (TFA) was added to each sample. The digested extracts were then split in two parts for separate analyses
via matrix-assisted laser desorption/ionisation-time of flight mass spectrometry (MALDI-ToF MS) and liquid chromatography-tandem mass
spectrometry (LC-MS/MS). To assess any potential contamination by non-endogenous peptides, we performed extraction of laboratory
blanks alongside the samples for each enzymatic digestion condition.

Mass spectrometry analyses
MALDI-ToF MS and ZooMS data analysis

For ZooMS data analysis, prior to MALDI-ToF MS analysis, peptides were cleaned and desalted using C18 ZipTips (Thermo Fisher) and sub-
sequently spotted in triplicate, consisting of 0.5 pL eluted peptides and 0.5 pl a-cyano-4-hydroxycinnamic acid (CHCA) matrix solution, on a
384-well Opti-ToF MALDI plate insert (AB Sciex, Framingham, MA, 01701, USA) and allowed to air-dry at room temperature. MALDI spectra
were automatically acquired with an AB SCIEX 5800 MALDI-ToF spectrometer (Framingham, MA, 01701, USA) in positive reflector mode for
MS acquisition. Before sample acquisition, an external plate model calibration was achieved on 13 adjacent MS standard spots with a stan-
dard peptide mix (Proteomix Peptide calibration mix4, LaserBiolLabs, Sophia Antipolis, France) containing bradykinin fragment 1-5 (573.315
Da), human angiotensin Il (1,046.542 Da), neurotensin (1,672.917 Da), ACTH fragment 18-39 (2,464.199 Da) and oxidised insulin B chain
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(3,494.651 Da). The concentration in the prepared mixture was between 27 and 167 fmol/uL. The calibration was validated according to the
laboratory specifications (resolution above 10,000 for 573 Da, 12,000 for 1,046 Da and 15 to 25,000 for other masses, error tolerance <50 ppm).
For the spectra where peptides resulting from trypsin autolysis were detected, an internal recalibration was applied to decrease the error
tolerance below 10 ppm (trypsin peptides: 842.509 Da, 1,045.56 Da and 2,211.104 Da). Laser intensity was set at 50% after optimization of
signal to noise ratio on several spots, then operated at up to 3,000 shots accumulated per spot, and covering a mass-to-charge range of
1,000 to 3,500 Da for sample analysis. The triplicate data files were merged in R and converted into.msd files. ZooMS taxonomic identifications
were assessed using mMass®” through manual peptide marker mass identification in comparison to a database of peptide marker series for
medium-to large-sized mammals.®” Reference to specific ZooMS peptide markers in this publication is made according to the nomenclature
proposed by Brown et al.?® Glutamine deamidation values were calculated using the Betacalc package.®®

Shotgun proteomics

For SPIN data analysis, peptide extracts were first separated using an Evosep One (Evosep, Odense, Denmark) with the 100 samples-per-day
method (cycle of 14.4 min). Loading of samples was conducted at a flow rate of 2 pL/min using mobile phases of A: 5% acetonitrile and 0.1%
formic acid in H,O and B: 0.1% formic acid in H,O with a gradient of 11.5 min at 1.5 uL/min. A polymicro flexible fused silica capillary tubing of
150 pm inner diameter and 16 cm long home-pulled was packed with C18 bounded silica particles of 1.9 um diameter (ReproSil-Pur, C18-AQ,
Dr. Maisch, Germany). The column was mounted on an electrospray source with a column oven set at 60°C with the source voltage of +2000V,
along with an ion transfer tube set at 275°C. An Exploris 480 (Thermo Fisher Scientific) was operating in data dependent mode consisting of a
first MS1 scan at resolution of 60 000 between m/z of 350 and 1400. The twelve most intense monoisotopic precursors were selected if above
2ES5 intensity with a charge state between 2 and 6, and were then dynamically excluded after one appearance with their isotopes (+20 ppm)
for 20 5.°” The selected peptides were acquired on an MS2 at an Orbitrap resolving power of 15,000, with the normalised collision energy
(HCD) set at 30%, a quadrupole isolation width of 1.3 m/z and a first m/z of 120. Quality control was assessed on Hel a cells using as QC dis-
played of 1289 protein groups for 5561 peptides at a repeating sequencing of 2.90% on MaxQuant v.2.2.3.0.°*’° The following parameters
were used for the quality control search: the raw data were searched against the human full proteome, with carbamidomethyl (C) as fixed
modification and oxidation (M) and acetyl (protein N term) as variable; digestion was set as tryptic and all other parameters were kept as
default.

QUANTIFICATION AND STATISTICAL ANALYSIS
MaxQuant search

All palaeoproteomic.raw files were analyzed using MaxQuant (v.2.3.1) in two different searches. The first search was performed as described in
Riither et al.** against the protein sequences database provided there. Download dates are available in the MaxQuant “summary.txt” file
available through the ProteomeXchange submission PXD045027. Variable modifications included oxidation (M), deamidation (NQ), Gin
(Q) -> pyro-Glu, Glu (E) -> pyro-Glu, and proline (P) hydroxylation. The internal MaxQuant contaminant list was replaced with an in-house
database provided by Riither et al.,*” Supplementary File “PR200512_HumanCons.fasta"). Since all specimens except for one were identified
as belonging to either Bos sp. or Bison sp., a second search was performed against the whole Bos taurus reference proteome (downloaded
from Uniprot on 2022-01-20, proteome ID UP000009136 with 23,847 reviewed sequence entries) to explore the presence of other, additional
non-collagenous proteins (NCPs). Variable modifications for this search included oxidation (M), deamidation (NQ), and proline
(P) hydroxylation. The internal MaxQuant contaminant list was used. Both searches were run in semi-specific Trypsin/P digestion mode.
Up to five variable modifications were allowed per peptide and all other settings were left as default for both searches.

Data and statistical analysis
After spectral identification, proteomic data analysis was conducted largely through R v.4.1.2"" using tidyverse v.1.3.1,? seqinr v.4.2-8,"*
ggpubr v.0.4.0,/* ggdist v.3.3.0,/° data.table v.1.14.2,/% ggsci v.2.9,"" progressr v.0.10.0,’® gmp v.0.6-6,"" reshape2 v.1.4.4° stringi
v.1.7.6° MALDIquant v.1 21,%2 MALDIquantForeign v.0.13,% janitor v.2.2.0°* and wesanderson v.0.3.6.°°>. The R scripts used for the shotgun
proteomics analysis are available under Riither et al.”> Deamidation was quantified based on spectral intensities, following Mackie et al.>
Depending on data types, statistics were calculated using two-way ANOVA (Type Il and Type lll), linear modeling from ImerTest v.3.1-3,%
Imed v.1.1-34,%” MASS v.7.3-60,%° and Kruskal Wallis tests®” from carData v.3.0-5,”° car v.3.1-0"" and rstatix v.0.7.2.7> As prerequisites for
ANOVA tests, normal distribution of residuals was checked using the Shapiro-Wilk normality test” and homogeneity of the variances was
assessed by Levene's test.” We used two-way ANOVA (Type II) in this study because we tested two independent variables that presented
no significant interactions. When the independent variables showed significant interactions we performed a two-way ANOVA (Type ).
F-statistics (F value) are used to determine whether the variance between two normal populations are similar to one another (the mean square
of the variable divided by the mean square of each parameter). The p value is the probability of observing a greater absolute value of
F-statistics under the null hypothesis, and we follow the standard practice of interpreting p < 0.05 as statistically significant.

Electricity consumption and emission intensity

A power monitor (Cowell, model no.: PMB01) was placed in between the heating block (VWR, Thermal Shake lite) and the utilised power outlet
to measure electricity consumption using either 96-well plates or Eppendorf tubes for 18 h at 37°C. The measurements for both tubes (1.5 mL
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Eppendorf Protein LoBind, Eppendorf) and plates (PCR Plate, 96-well, low profile, non-skirted, 0.3 mL, Thermo Fisher Scientific) were sepa-
rately conducted over the time frame of 18 h, and replicated thrice in total. Measurements started when the heating block had reached a
stable temperature of 37°C. The maximum number of tubes, 40 units, were placed in the heating block with 100 uL AmBic in each tube to
imitate experiment conditions. Likewise, each well in the 96-well plate was filled with 100 puL. AmBic. The emission intensity (gCOzeq; grams
of carbon dioxide equivalent) was then calculated by accessing the kWh measured and gCO,eq/kWh values available through Electricity
Maps”? for the dates on which our experiments were conducted. The gCO,eq/kWh values were obtained from various countries (Australia,
Brazil, Germany, Denmark, France, Japan, USA, and South Africa). With this selection, we hope to cover a range of countries where high-
throughput palaeoproteomic facilities exist. Furthermore, countries differ significantly in the amount of carbon released for each unit of elec-
tricity consumed, the so-called carbon intensity, for example due to the use of nuclear energy or largely-completed transitions to wind and
solar energy sources. The absolute impact of electricity consumption is therefore very different depending on the country, and our selection of
countries aims to also cover this range of carbon intensities. Lastly, emission intensities were calculated for each individual tube and PCR-plate
well across the three digestion durations (18 h, 6 h, and 3 h), and for each country included in the study.
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